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Oxygen Sensing by the Aer and Tsr Receptors of Escherichia coli
by
Jessica Claire Edwards
Doctor of Philosophy, Graduate Program in Microbiology and Molecular Genetics
Loma Linda University, June 2005
Dr. Barry L. Taylor, Chairperson

Escherichia coli senses the oxygen concentration of its environment via the Aer
and Tsr receptors, and swims to an oxygen concentration that provides optimal energy
generation. Aer and Tsr do not sense oxygen per se but, sense the internal energy state
via the electron transport system (ETS) in a previously unidentified mechanism. Proton
motive force (PMF) and electron flow were proposed as possible sensory signals but,
distinguishing between the two was not possible, previously, in live, motile cells. I
differentiated PMF from electron flow by creating a series of ETS mutant strains that
express ternary combinations of i) aerotaxis receptors, ii) NADH dehydrogenases and iii)
cytochrome oxidases. Since the ETS components differ in the number of protons
translocated per electron traversing the ETS, the H7e ratios for the constructed strains
varied from 1.5 to 3. Correlation analysis between the in vivo H7e ratio and PMF
measurements revealed a close correlation (R2=0.99) between the two parameters. Only
minor differences in respiration rate were observed in the constructed strains. The
aerotaxis behavior of Aer and Tsr in these strains was examined in aerotactic temporal
assays and in semi-soft agar. There was a positive correlation (R2=0.99) between the Tsrmediated response and PMF. This evidence indicates that Tsr is likely sensing PMF in
xm

the aerotactic response. In contrast, the Aer-mediated response did not correlate with any
of the bioenergetic parameters examined here. Aer-mediated aerotaxis was enhanced by
the presence of NADH dehydrogenase 1 (NDH-1), but also occurred in the absence of
NDH-1. Previous work indicated that Aer responds to redox changes and Aer may be
able to sense the redox state of NDH-1 in addition to other cellular redox molecules. In
conclusion, this work establishes PMF as the energetic signal sensed by Tsr and is
congruent with a redox-sensing mechanism for Aer.

xiv

I. INTRODUCTION

I.A. Overview of Bacterial Taxis
The chemotaxis system of Escherichia coli is one of the best understood sensory
systems in all of biology (for reviews see Armitage, 1999; Bren and Eisenbach, 2000;
Stock and Surette, 1996; Szurmant and Ordal, 2004). The system includes five specific
protein receptors that sense a variety of attractants and repellants. The receptors, or
methyl-accepting chemotaxis proteins (MCPs), transmit the signal from a repellent
through a highly conserved signaling domain to the soluble CheA protein. Activated
CheA is autophosphorylated and subsequently transfers the phosphate group to the CheY
protein. Phosphorylated CheY binds to the flagellar motor switch, which changes the
direction of flagellar rotation and causes the cell to tumble.
In the absence of a stimulus, E. coli swims smoothly with intermittent tumbles
that last about 0.1 seconds (Berg and Brown, 1972). This results in a “random walk”
pattern. Instead of spatial sensing by measuring the difference in attractant concentration
at the two ends of the cell, E. coli uses a temporal sensing mechanism. In temporal
sensing the bacterium takes periodic measurements of attractant levels to compare the
change in attractant over time (Berg and Brown, 1972; Berg and Tedesco, 1975; Macnab
and Koshland, 1972). If the attractant is increasing, the cell suppresses tumbling and
continues to swim smoothly in the same direction; if the attractant is decreasing the cell
initiates a tumble.
When a MCP detects an attractant, the signal cascade triggers a suppression of
tumbling and the cell’s smooth swimming intervals are elongated (Berg and Brown,
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1972; Macnab and Koshland, 1972). On the other hand, the presence of a repellant
triggers a tumbling response (Tsang et al., 1973). Even though the direction in which an
individual bacterium swims after a tumble is random (Berg and Brown, 1972), the
elongated smooth runs upon attractant level increase allow the cell to effectively swim up
an attractant concentration gradient.

LB. Early Studies
I.B.l. Aerotaxis
Interest in how bacteria respond to their environment was first sparked in 1676
when Anton van Leeuwenhoek observed bacterial accumulation at the surface of a water
drop (Dobell, 1932). Various early experimenters in microscopy were aware that bacteria
accumulated around sources of air and nutrients (Cohn, 1875, reviewed by Berg, 1975b).
The earliest systematic experiments on bacterial responses to air, aerotaxis, were
conducted by Engelmann in 1881. Originally he observed bacteria migrating to the edges
of a coverslip and surrounding air bubbles (Berg, 1975a; Engelmann, 1881; Taylor et al.,
1999; Taylor, 1983a). In his subsequent studies Engelmann used plant cells and
photosynthetic algae as sources of oxygen to attract Bacterium termo. In addition to this
aerophilic response, Engelmann also observed an aerophobic response in Spirillum tenue.
In his experiments Engelmann was able to move the bacterial accumulation by changing
the perfusion gas. He observed the bacteria migrate away from the surface of the drop in
a highly aerobic environment until the oxygen tension of the perfusion gas was lowered
and then the bacteria would move closer to the edges of the drop (Berg, 1975a;
Engelmann, 1881; Taylor et al., 1999).
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Beijerinck recorded similar observations in a variety of bacterial species by
observing banding patterns (Beijerinck, 1893). Motile bacteria placed in a test tube
formed a band and he could move the band by changing the oxygen concentration of the
gas at the mouth of the tube. Beijerinck suggested that bacteria form a band at an optimal
oxygen concentration. The actual process of bacterial band formation, observed and
described by Jennings and Crosby, entailed individual bacteria reversing their direction
when reaching the edges of the band and swimming back into the band (Jennings and
Crosby, 1901).
A systematic study of a variety of bacterial species by Baracchini and Sherris
(Baracchini and Sherris, 1959) found that the oxygen concentration at which a bacterial
culture formed a band was species specific. Aerobic organisms banded closer to the
oxygen source and anaerobic bacteria banded further away. Baracchini and Sherris
hypothesized that individual bacterial species are attracted to a concentration of oxygen
that provides the best metabolic environment for that species.

I.B.2. Chemotaxis
Pfeffer was the first to describe bacterial responses to individual chemicals,
chemotaxis. He inserted a capillary tube filled with an attractant into a bacterial culture
and observed their migration into the tube (Berg, 1975b; Pfeffer, 1883; Taylor et al.,
1999; Taylor, 1983a). Pfeffer documented the responses of several bacterial species to a
large variety of chemicals, both attractants and repellants. Interestingly he observed
several substances that acted as an attractant to some organisms and a repellant to others.
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Julius Adler pioneered the modern field of chemotaxis by applying genetic and
molecular techniques to chemotaxis studies. Where as previous investigators observed
generalized chemotaxis, Adler studied chemotactic responses to individual substances by
using defined media with specific added chemoattractants (Adler, 1969; Adler and
Templeton, 1967; Mesibov and Adler, 1972). He also developed a series of chemotactic
assays to identify positive and negative chemotactic responses, many of which are still in
use today (Adler, 1965; Adler, 1966; Adler, 1969; Mesibov and Adler, 1972). In Adler’s
capillary assay, an attractant/repellant filled capillary tube is placed into a bacterial
suspension and the bacterial migration into the tube is quantified (Adler, 1969; Adler,
1973; Adler and Tso, 1974). In Adler’s swarm plate assay, bacteria inoculated at the
center of a semi-solid agar plate consume the nutrients in the plate thereby creating a
gradient. The nutrient gradient causes the cells to migrate outwards from the inoculation
site forming expanding rings of bacteria that can be seen with the naked eye (Adler,
1966; Armstrong and Adler, 1967; Armstrong and Adler, 1969a).
Using a series of E. coli mutants, Adler demonstrated that the attractant chemical
itself is the sensed rather than a derived metabolite (Adler, 1969; Adler, 1973; Adler,
1979; Hazelbauer et al., 1969). Strains defective in nutrient transport and metabolism
remain chemotactic while attractant analogs are able to elicit chemotactic responses
depending on the degree of structural similarity to the attractant (Adler, 1969). This
evidence led Adler to hypothesize the existence of chemical-specific chemoreceptors
(Adler, 1966; Adler, 1969).
Adler’s laboratory subsequently identified the aspartate, serine and galactose
receptors using mutants that are specifically non-chemotactic to these substances while
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maintaining chemotaxis to other substances (Adler, 1969; Adler et al., 1973; Adler, 1979;
Adler and Epstein, 1974; Hazelbauer et al., 1969; Hazelbauer and Adler, 1971; Kondoh
et al., 1979; Mesibov and Adler, 1972; Ordal and Adler, 1974). Mutants that are nonchemotactic to all tested substances (while retaining motility) facilitated the identification
and mapping of three general chemotaxis genes, cheA, cheB and cheY that are involved
with chemotactic signal transmission in E. coli (Armstrong et al., 1967; Armstrong and
Adler, 1969a; Armstrong and Adler, 1969b). Adler’s group, in addition to other
researchers, also characterized the chemoreceptor adaptation mechanism of protein
methylation, as will be described below (Goy et al., 1977; Goy et al., 1978; Springer et
al., 1975; Toews et al., 1979; Kleene et al., 1979; Kort et al., 1975).

I.B.3. Energy Taxis
Since the late nineteenth century researchers have observed bacterial responses to
less tangible stimuli such as light and energy parameters. Over the last thirty years, the
links between these energy-related chemotactic responses have been examined. This
work coalesced into the concept of bacterial energy taxis, which is responsible for a
variety of responses.
In addition to his work in aerotaxis, Engelmann was the first to study the effect of
light on bacterial movements (Taylor, 1983a; Berg, 1975a; Engelmann, 1883).
Originally he noticed that a culture of Bacterium photometricum (a purple sulfur
bacterium) would eventually stop swimming in the dark. Looking at the immediate
responses he noticed that when he suddenly darkened the culture, the cells backed up
quickly, stopped for a moment and then regained their normal swimming behavior. This
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activity enabled the cells to search out and accumulate in a single spot of light in an
otherwise dark environment.
More recently, Escherichia coli and Salmonella typhimurium were shown to
respond to intense light. When S. typhimurium was exposed to a short burst of intense
light (non-physiological level) the cells tumbled continuously and long exposure caused a
smooth response and eventually paralysis of the cells (Macnab and Koshland, 1974;
Taylor and Koshland, 1975). The link between light responses and the chemotaxis
signaling system was established by Taylor and Koshland when they found that strains
containing mutations in the che genes were non-responsive to a light stimulus (Taylor
and Koshland, 1975). They also found that the presence of a strong attractant inhibited
the light response suggesting the two stimuli share a pathway.
Work in Bacillus subtilis showed that both uncouplers of oxidative
phosphorylation and inhibitors of electron transport initiated a repellant response (Ordal
and Goldman, 1975). Their work also indicated that the response was not caused by
decreased ATP levels but possibly by a signal transducer able to sense the decline in the
overall energy state. Miller and Koshland (1977) looked more closely at the relationship
between membrane potential and chemotaxis in B. subtilis by using cyanine dye
fluorescence to quantify membrane potential. They found that the absolute value of the
membrane potential did not affect chemotactic responses but a temporal increase in
membrane potential correlated with a smooth swimming response. When a
chemoattractant like alanine was administered, the cells swam smoothly but there was no
change in membrane potential indicating that the change in membrane potential was not
required for the response. When the membrane potential was depolarized by a variety of
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conditions, including the uncoupler carbonylcyanide m-chlorophenylhydrazone (CCCP),
the ionophore valinomycin or an anaerobic environment, the cells tumbled. When there
was a step increase in membrane potential, the cells swam smoothly and eventually
returned to a random pattern. Miller and Koshland (1977) concluded that bacteria tumble
in response to a decrease in membrane potential and swim smoothly when membrane
potential increases.
Energy sensing was further investigated by the Koshland group when they studied
the ability of S. typhimurium to respond to alternative electron acceptors (Taylor et al.,
1979). Alternative electron acceptors allow electron transport to function in an anaerobic
environment by accepting electrons from specific reductases. In an anaerobic
environment the response to attractants like serine and aspartate were unaffected by the
presence or absence of electron acceptors. The response to blue light, however, was
abolished if electron acceptors were not present in an anaerobic environment. Adding a
variety of electron acceptors such as nitrate, fumarate, trimethylamine oxide (TMAO) or
oxygen restored the blue light response when the appropriate reductase was induced.
While the precise energetic signal was still unknown, the necessity of a complete working
electron transport chain was clear. ATP was eliminated as a possible signal because E.
coli ATP synthase mutants (unc) showed wild-type responses. The authors termed this
behavior “electron acceptor taxis.”
Glagolev took a slightly different approach to the question of energy taxis. He
compared the previous studies with the redox state of the electron transport system
proteins. Glagolev hypothesized the existence of a sensor protein or “protometer” that
can sense the redox state of the electron transport system (Glagolev, 1980; Glagolev,
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1984). Based on aerotaxis studies using oxidants and reductants, they incorrectly
suggested that enzyme II Glucose of the phosphotransferase transport system (PTS) could be
that protometer (Glagolev, 1984; Milgrom et al., 1985). Enzyme II Glucose was eliminated
as the protometer, however when E. coli mutants defective in enzyme I or enzyme II Glucose
were normal for aerotaxis (Shioi et al., 1988).
The Taylor research group was able to quantify the aerotactic response through
the development of the aerotactic temporal assay which exposed the cells to a step change
in oxygen concentration instead of relying on bacterial respiration to create an oxygen
gradient (Laszlo and Taylor, 1981). By timing the length of smooth or tumbling
responses before the cells adapted, they were able to measure the oxygen concentration
required to elicit a half-maximal aerotactic response (K05) in S. typhimurium and E. coli
to be 0.7 pM, which is very similar to the Km of cytochrome bo oxidase in the aerobic
electron transport system (ETS) (Laszlo and Taylor, 1981; Laszlo et al., 1984a). The
kinetics coupled with the observation that respiratory inhibitors abolish aerotaxis
suggested cytochrome bo oxidase may be the sensory oxygen receptor (Laszlo and
Taylor, 1981; Laszlo et al., 1984a). The Taylor laboratory hypothesized that the proton
motive force (PMF) was the stimulus for a protometer that signaled through a conserved
chemotaxis pathway to the flagellar motor. They suggested that in addition to
cytochrome bo oxidase, various other proteins that contribute to PMF could initiate this
energy response (Taylor, 1983a; Taylor, 1983b). This hypothesis was bolstered by
studies correlating the changes in PMF with aerotactic responses (Miller and Koshland,
1977; Taylor et al., 1979; Laszlo and Taylor, 1981; Shioi and Taylor, 1984; Zhulin et al.,
1996).
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Looking at the link between PMF and the redox state of individual ETS
components, the Taylor group investigated the effects of redox state on bacterial
chemotaxis (Bespalov et al., 1996; Zhulin et al., 1996). They showed that E. coli was
able to sense the redox state of the surroundings (altered with oxidized or reduced
quinones). Further, the cells swam to an area of preferred reduction potential and the
strength of the response was directly proportional to the reduction potential of the
environment. Membrane potential measurements showed a positive relationship between
this response to redox state and the cellular PMF in both aerobic and anaerobic
environments. The authors named this behavior “redox taxis.” The proposed model
included a yet unknown sensor in the membrane to detect changes in the proton motive
force or the redox status of the electron transport system. This sensor was hypothesized to
transduce signals through the chemotaxis machinery as the other chemoreceptors.

I.C. Sensing
I.C.l. Chemoreceptor Structure
Escherichia coli contains four chemoreceptors that respond to chemical stimuli
(Tsr, Tar, Trg and Tap) and an energy receptor (Aer), all of which interact with the
chemotaxis signaling system (for a review see Grebe and Stock, 1998; Stock and Surette,
1996). Some of the receptors occur in the cell at much higher copy numbers than others.
The high-abundance receptor (Tsr and Tar) levels are about 10-fold that of the lowabundance receptor (Trg and Tap) levels (Hazelbauer and Engstrom, 1980; Hazelbauer et
al., 1981; Li and Hazelbauer, 2004; Weerasuriya et al., 1998). These transmembrane
receptors exhibit a modular structure consisting of variable sensory domains and
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conserved signaling domains (Figure 1.1) (Wang and Koshland, 1980; Krikos et al.,
1983). The Tsr cytoplasmic domain has been crystalized showing that each monomer
forms an antiparallel coiled coil that assembles into a four helix bundle structure (Kim et
al., 1999). Each receptor is approximately 550 amino acids long with an apparent
molecular weight of 60 kilodaltons (kDa) when viewed on SDS-PAGE (Boyd and Simon,
1980). In vivo, the receptors exist as stable homodimers regardless of the presence or
absence of ligand (Milligan and Koshland, 1988).
Most of the MCPs are classified as Class I receptors because they consist of a
periplasmic sensing domain flanked by two transmembrane domains that anchor the
protein in the inner membrane and a cytoplasmic signaling domain. Aer, on the other
hand, is a Class II receptor because it consists of a fully cytoplasmic sensing domain, the
cytoplasmic signaling domain and a transmembrane anchoring segment between the
sensing and signaling modules (Figure 1.1). The individual MCP sensing domains have
little sequence similarity, thereby allowing for the divergence in specificity (Krikos et al.,
1983; Zhulin, 2001).
In addition to anchoring the receptor in the membrane, the transmembrane
segments facilitate the intra-molecular signal transmission from the periplasmic sensory
domain to the receptor’s cytoplasmic signaling domain (Ames and Parkinson, 1988;
Lynch and Koshland, 1992; Oosawa and Simon, 1986; Tatsuno et al., 1994). The
mechanism of this intra-molecular signal transmission is thought to be a sliding piston
model where the TM2 helix slides 1.6 A in relation to the TM1 helix upon attractant
binding (Chervitz and Falke, 1996; Lynch and Koshland, 1992; Lee et al., 1995; Falke
and Hazelbauer, 2001). The details of this signal are discussed below.
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Figure 1.1 Cartoon of the Aer and Tsr receptors and the proteins involved in the
chemotaxis signal cascade as described in the text.
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Originally, the MCP HAMP domain was thought to be a simple “linker” structure
connecting the periplasmic sensing domain with the cytoplasmic signaling domain.
Genetic studies, however, revealed that a number of mutations in this linker region affect
signaling (Ma et al., 2005; Mehan et al., 2003; Bibikov et al., 2000; Ames et al., 1988;
Ames and Parkinson, 1988; Butler and Falke, 1998; Watts et al., 2004). A receptor dimer
can function with an intact signaling domain in only one of the monomers but must retain
both linker regions (Gardina and Manson, 1996; Tatsuno et al., 1996). Subsequently it
was discovered that the MCP HAMP domain is found in over two thousand receptor
proteins with varying functions (Aravind and Ponting, 1999; Williams and Stewart, 1999;
Letunic et al., 2002). The Aer HAMP domain appears to take on a more integral role in
receptor sensing and structure, which will be discussed in the Aer section.
The cytoplasmic signaling domain, which is highly conserved between the MCPs
and Aer, is responsible for interaction with the chemotaxis signal cascade proteins
(Figure 1.1) (Kofoid and Parkinson, 1988; Borkovich et al., 1989). Within this domain is
a stretch of amino acids that have extremely high sequence identity (up to 90%) among
chemotaxis receptors of multiple organisms and is considered the signature of chemotaxis
receptors (Le Moual and Koshland, 1996; Zhulin, 2001). This highly conserved domain
is the binding site for CheA and CheW of the signal cascade (Ames and Parkinson, 1994;
Bourret et al., 1991; Liu and Parkinson, 1991).
On either side of the highly conserved domain are 4 or 5 glutamine and glutamic
acid residues that can be methylated by a specific methyl-transferase enzyme (Kehry and
Dahlquist, 1982b; Kehry and Dahlquist, 1982a; Nowlin et al., 1987; Oosawa and Simon,
1986; Rice and Dahlquist, 1991). The glutamine residues must first be deamidated by the
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CheB protein (see below) resulting in a glutamic acid residue (Kehry et al., 1983;
Terwilliger et al., 1983; Terwilliger and Koshland, 1984), which can then be methylated
by CheR.
A pentapeptide (Asn-Trp-Glu-Thr-Phe) at the C-terminus of the MCP is the
docking site for CheR (methyl-transferase) and CheB (methyl-esterase/ de-amidase) (Wu
et al., 1996). Only the high-abundance receptors (Tar and Tsr) contain this pentapeptide;
the low-abundance receptors (Trg, Tap and Aer) do not have the pentapeptide and
therefore cannot independently recruit CheR and CheB (Barnakov et al., 1998; Feng et
al., 1997; Shiomi et al., 2002; Weerasuriya et al., 1998).

I.C.2. The Aer Protein
Prior to the discovery of a specific aerotaxis receptor, a PMF or redox sensing
protein was hypothesized to mediate aerotactic and other energy sensing responses
(Bespalov et al., 1996; Shioi and Taylor, 1984; Taylor, 1983a; Taylor, 1983b; Zhulin et
al., 1996). The aerotactic response also required CheA, CheW and CheY, suggesting that
the MCP signaling domain was likely present in the hypothesized aerotaxis receptor
(Rowsell et al., 1995; Shioi et al., 1988). A search of the newly reported E. coli genome,
using the highly conserved domain of Tsr as the query sequence, identified an open
reading frame containing a putative redox sensor and an MCP-like signaling domain. The
gene product was shown to be an aerotaxis transducer and was named Aer (Bibikov et al.,
1997; Rebbapragada et al., 1997).
The Aer cytoplasmic signaling domain includes the highly conserved domain that
interacts with CheA and CheW, putative methylation sites, a HAMP domain and a
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transmembrane sequence (Figure 1.1) (Bibikov et al., 1997; Rebbapragada et al., 1997).
In fact, chimeras containing the Aer sensory domain and the Tsr signaling domain were
functional aerotaxis transducers provided they contained the Aer HAMP domain
(Bibikov et al., 2000; Repik et al., 2000).
Although putative methylation sites were identified in Aer, significant deviation
from the MCP consensus sequence raised questions as to the ability of CheR to methylate
Aer (Rebbapragada et al., 1997). Aer lacks the C-terminal pentapeptide required for
CheR and CheB binding as is true of the other low abundance receptors, Tap and Trg. In
addition, earlier work had suggested that aerotaxis can be methylation-independent
(Niwano and Taylor, 1982). Recent studies have confirmed that Aer is a methylationindependent signal transducer, unlike the other MCPs (Bibikov et al., 2004). In fact,
chimeras of the Aer PAS and HAMP domains fused to the Tar signaling domain indicate
that the methylation-independent adaptation does not occur in the signaling region
(Bibikov et al., 2004). The nature of Aer adaptation is unknown. A recent hypothesis that
the observed “adaptation” is the result of a transient input signal (Bibikov et al., 2004)
does not account for all observed adaptation (B.L. Taylor and M.S. Johnson, personal
communication).
The Aer sensory domain is entirely cytoplasmic and consists of a PAS domain
with a non-covalently bound FAD cofactor (Figure 1.1) (Bibikov et al., 2000; Repik et
al., 2000). Thus Aer belongs to a super-family of PAS-containing proteins that has
members in all domains of life (Ponting and Aravind, 1997; Zhulin et al., 1997b).
Reviews of PAS domain structure and function can be found in (Gu et al., 2000; Taylor
and Zhulin, 1999; Taylor et al., 2003). The PAS domain is an energy-sensing module in
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bacteria that may sense a variety of energy-related parameters such as oxygen (FixL of
the nitrogen fixation pathway of Bradyrhizobium japonicum and Rhizobium meliloti).
light (photoactive yellow protein in Ectothiorhodospira halophild) or redox potential
(Aer in E. coli). Additionally, the PAS domain of the human ether-a-go-go related
potassium channel (HERG) senses ion motive force and the LOV2 PAS domain of the
plant photoreceptor phy3 senses light (Taylor et al., 2003). Currently, the PAS domains
from PYP, FixL, HERG and LOV2 have been crystallized (Pellequer et al., 1998;
Borgstahl et al., 1995; Gong et al., 1998; Miyatake et al., 2000; Morals Cabral et al.,
1998; Crosson and Moffat, 2001). The conserved three-dimensional PAS structure
consists of a distinctive a/(3 fold containing a five-stranded antiparallel (3-barrel core
(Borgstahl et al., 1995; Crosson and Moffat, 2001; Gong et al., 1998; Morais Cabral et
al., 1998; Pellequer et al., 1999). The bound cofactor, where present, likely contributes to
the sensing specificity of each protein, such as p-hydroxycinnamic acid in PYP, heme in
FixL and FAD in Aer (Pellequer et al., 1999).
The Aer cytoplasmic FAD-containing PAS domain was hypothesized to be the
redox sensor for aerotaxis (Bibikov et al., 1997; Bibikov et al., 2000; Rebbapragada et al..
1997; Repik et al., 2000). The importance of the FAD cofactor in Aer sensing was
established by studies showing that mutations in the Aer PAS domain that disrupt FAD
binding also inhibit aerotactic responses (Bibikov et al., 2000; Repik et al., 2000). While
the precise mechanism by which the Aer PAS domain senses redox has not been
established, it seems likely that the FAD cofactor is a vital component. The PAS domain
is close to the membrane and the reduction potential of FAD (-220 mV) is well within
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the range to accept electrons from several membrane-bound electron transport system
proteins (Dawson et al., 1986).
In an aerobic environment, the flow of electrons through the ETS could be sensed
by the Aer PAS domain via FAD reduction and oxidation. In an anaerobic environment
without alternative electron acceptors, the ETS is fully reduced and Aer would have a
fully reduced FADH2 in its PAS domain. On the other hand, an ETS that is starved of
electron donors is fully oxidized and this would result in a fully oxidized FAD+ in the Aer
PAS domain. Behavioral assays show that Aer mediates a smooth response to the
addition of either an electron acceptor in a reduced environment and an electron donor in
an oxidized environment. This suggests that both the fully oxidized (FAD+) and fully
reduced (FADH2) forms of FAD signal tumbling behavior while the semi-quinone state
of FADH signals smooth swimming behavior (Repik et al., 2000).
The Aer HAMP domain has additional functions beyond the traditional MCP
HAMP domain. Because of the cytoplasmic placement of Aer’s sensory domain and the
fact that many PAS domains are involved in protein-protein interactions, it was
hypothesized that the signal might cross directly from the PAS domain to the HAMP
domain instead of traveling through the transmembrane segment as it must for the MCPs
(Bibikov et al., 2000; Repik et al., 2000). Interactions between the PAS and HAMP
domains were supported when truncated Aer constructs showed that proper PAS folding
required a region of the HAMP domain (residue 205-231) and the transmembrane domain
while FAD binding also required HAMP residues 231-285 (Herrmann et al., 2004). All
HAMP domains are predicted to be composed of two amphipathic sequences (AS-1 and
AS-2) separated by an undefined loop region (Appleman et al., 2003; Butler and Falke,
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1998). Random mutagenesis of the Aer HAMP domain revealed that null mutations in
AS-2 abolished FAD binding while null mutations in AS-1 and the proximal signaling
domain supported FAD binding (Ma et ah, 2005). This indicates that AS-2 is the
interaction site facilitating native folding of the PAS domain and a possible site for signal
transfer from the PAS to the HAMP domain (Figure 1.1). Subsequent studies have
identified allele-specific second site suppressors. These specific residues are in close
proximity within Aer and may interact functionally between the two domains (Watts et
al., 2004). Further analysis of interactions between these two domains suggests that FAD
binding in one monomer is stabilized by the HAMP domain in the cognate monomer.
Signaling, however, appears to be symmetric, involving the PAS domain and the
signaling domain of the same monomer. This was determined by heterodimer assays
using different combinations of co-expressed Aer signaling and truncation mutants (K. J.
Watts, personal communication).

I.C.3. The Tsr Receptor
Tsr was the first MCP identified in E. coli (Mesibov and Adler, 1972; Hedblom
and Adler, 1980). It is a high-abundance receptor that is responsible for sensing the
attractant serine in addition to the repellents leucine, acetate, and indole (Hedblom and
Adler, 1983; Stock and Surette, 1996). The periplasmic sensing domain structure of Tsr
has been modeled on the crystallized Tar sensory domain and the serine binding sites
have been identified by genetic studies (Jeffery and Koshland, 1993; Murphy et al.,
2001). Although there are two possible serine binding sites in a Tsr dimer, the dimer
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exhibits half-site reactivity and binds only one molecule of serine per dimer (Lin et al.,
1994).
Tsr also mediates pH taxis, although the precise mechanism has not been
established. Early pH taxis studies using a variety of lipophilic weak acids, bases and
ionophores indicated that the pH sensing component was cytoplasmic (Kihara and
Macnab, 1981; Repaske and Adler, 1981). Tsr methylation was examined under a variety
of conditions leading to the hypothesis that Tsr was sensitive to both internal and external
pH (Slonczewski et al., 1982). Chimera studies with Tsr (acid is a repellent for Tsr) and
Tar (acid is an attractant for Tar) narrowed the pH sensing component of both receptors
to the cytoplasmic region (Krikos et al., 1985). More extensive chimeras identified the
precise residues in the HAMP domain that are responsible for pH sensing in Tsr and Tar
(Umemura et al., 2002). Interestingly the low abundance MCPs have also been identified
as pH sensors. Tap is repelled by acid, like Tsr, while Trg is attracted to acid, like Tar
(Yamamoto et al., 1990).
Rebbapragada and collaborators found that in addition to the chemical and pH
sensing capabilities, Tsr can also mediate aerotaxis in E. coli (Rebbapragada et al., 1997).
Cells lacking Aer were still able to respond to oxygen unless Tsr was also deleted. All of
the energy sensing capabilities in E. coli were eliminated in an aer tsr double mutant until
either of the aerotaxis transducers was re-introduced. This indicates that not only are
these two receptors solely responsible for energy taxis, the two receptors appear to
function independently. Both receptors did, however, require a complete electron
transport system, supporting the energy taxis model. Having pH sensing ability, it was
possible that Tsr responds to the ApH component of proton motive force (PMF) as the
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energy taxis stimulus (Alexandre and Zhulin, 2001; Rebbapragada et al., 1997; Taylor et
al., 1999) but this remained to be investigated.

I.C.4. Other Chemotaxis Receptors
The other high-abundance receptor present in E. coli is Tar. Tar is responsible for
sensing the attractants aspartate, glutamate, maltose and pH in addition to several divalent
cation repellants such as nickel and cobalt (Clarke and Koshland, 1979; Hazelbauer,
1975; Ingolia and Koshland, 1979; Melton et al., 1978; Mesibov and Adler, 1972). The
Tar periplasmic sensing domain is able to sense some chemical attractants directly and
others when they are bound to a periplasmic binding protein. Maltose must first be
bound to maltose binding protein which is present in the periplasm. Bound maltose
binding protein is then able to bind to the Tar periplasmic sensing domain. Aspartate, on
the other hand, is able to bind directly at the Tar homodimer interface. Mutational
analysis showed that the maltose binding protein and aspartate binding sites are adjacent
and partly overlapping, which explains how Tar can exhibit negative cooperativity yet
still respond independently to maltose and aspartate (Gardina et al., 1992).
Trg is responsible for sensing the attractants ribose and galactose (Kondoh et al.,
1979) while Tap senses dipeptide and tripeptide attractants and the repellant phenol
(Manson et al., 1986; Yamamoto et al., 1990). The low-abundance receptors do not have
the pentapeptide required for CheR and CheB binding but do exhibit methylation on their
R1 and K1 methylation sites (Barnakov et al., 1998; Feng et al., 1997). Adding the
pentapeptide to either Trg or Tap, however, provided methylation activity to the receptor
(Barnakov et al., 1998; Weerasuriya et al., 1998). It is believed that the close contact
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between dimers of the low-abundance receptors and dimers of the high-abundance
receptors allow the CheR and CheB enzymes bound to high-abundance MCP dimers to
also methylate and demethylate the low-abundance dimers (Maddock and Shapiro, 1993;
Le Moual et al., 1997).

I.D. Signaling
I.D.l. Receptor Signal
Unlike many signaling proteins, the MCPs exist as stable homodimers, both in the
presence and absence of attractant (Milligan and Koshland, 1988). Therefore, the
binding of attractant must initiate a conformational change in the protein that is
transmitted 300 A to the cytoplasmic signaling domain. The nature of this intramolecular
signal has been the subject of significant debate (Falke and Hazelbauer, 2001; Falke and
Kim, 2000).
Crystallography of the Tar dimeric periplasmic binding domain, with and without
ligand, showed a 3.8° rotation between the two monomers upon ligand binding (Yeh et
al., 1996; Chi et al., 1997). This supports a rotational model of signal transmission
whereby a 3 to 4.2° rotation of one subunit in relation to the other shifts which residues
interact between monomers. The change in interacting residues is thought to generate the
signaling state.
This rotational model has been questioned by a variety of contradictory studies
and it’s critics point out that the rotation has only been viewed in crystals of the dimeric
periplasmic domains, not in full-length native receptors. An alternative hypothesis is a
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monomeric sliding piston model where TM2 slides in relation to TM1 within the same
monomer.
The piston model is supported by cross-linking studies. Independent laboratories
found that crosslinks between the proximal transmembrane helix, TM1 and TMT (the
TM1 helix of each monomer in a dimer) allow the protein to signal while crosslinks
between TM1 and TM2 inhibit signaling in both Tar and Trg (Chervitz and Falke, 1995;
Lee et al., 1995). In 1996 a careful analysis of all the available studies, including
crystallography and cross-linking, indicated the actual mechanism might use elements
from both models in a “swinging piston” model (Chervitz and Falke, 1996). This work
indicated a 5° swinging rotation between monomer subunits upon ligand binding in the
periplasmic domain, in addition to a 1.6 A piston movement of TM2 that is propagated
through the membrane into the cytoplasm (Bass and Falke, 1999; Falke and Hazelbauer,
2001). As a result, mutations in either the periplasmic or transmembrane domains that
impair the sliding movement lock the receptor in a signal on or signal off state (Beel and
Hazelbauer, 2001; Miller and Falke, 2004).

I.D.2. Signaling Cascade
The receptor signal is transmitted through a phosphorylation cascade resulting in
flagellar motor control. In the absence of attractant (and in the presence of repellent) the
highly conserved domain of the receptor interacts with the CheA and CheW proteins.
CheA is a 71 kDa histidine kinase protein that autophosphorylates (Hess et al., 1987;
Hess et al., 1988a; Stock et al., 1988). The CheA protein is made up of a binding domain
which binds to both CheW and MCPs, a histidine kinase domain that autophosphorylates
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and allows dimerization of CheA (Bilwes et al., 1999; Gegner and Dahlquist, 1991; Zhou
et al., 1995), a P2 domain that binds to CheY and CheB, and the PI domain that receives
and transfers the phosphate group (Oosawa et al., 1988). Upon binding to the MCP,
CheA is autophosphorylated by ATP at histidine residue 48 in the PI domain (Hess et al..
1987; Hess et al., 1988a; Hess et al., 1988b; Zhou and Dahlquist, 1997). The phosphate
group is then transferred to either CheY or CheB (see below) which bind competitively to
the P2 domain (Ninfa et al., 1991).
While CheA alone is capable of slow autophophorylation, the
autophosphorylation rate is increased 100-fold when the coupling protein CheW is
present (Borkovich et al., 1989; Borkovich et al., 1992; Ninfa et al., 1991). CheW is a
18-kDa souble monomeric protein (Gegner and Dahlquist, 1991) that has binding sites
for both CheA and the receptors, which brings these three proteins together into a stable
ternary complex (Gegner and Dahlquist, 1991; Gegner et al., 1992). CheW is required
for receptor-mediated CheA activation but neither the receptor nor CheW is able to
increase CheA autophosphorylation on their own, all three proteins must be present for
CheA activation (Borkovich et al., 1989; Francis et al., 2002; Ninfa et al., 1991).
The phophorylation cascade continues with the transfer of the phophoryl group
from CheA to CheY, the response regulator (Hess et al., 1988a). CheY is a 14-kDa
globular protein that contains overlapping binding sites for CheA, CheZ and FliM
(Bellsolell et al., 1994; Ganguli et al., 1995; Halkides et al., 2000; Moy et al., 1994; Stock
et al., 1989; Stock et al., 1993; Matsumura et al., 1984; Volz and Matsumura, 1991; Zhu
et al., 1997). Non-phosphorylated CheY binds to non-phosphorylated CheA. When
CheA is activated and the PI domain is phosphorylated, the phosphate group is rapidly
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transferred to CheY at aspartic acid residue 57 (Sanders et al., 1989). The
phophorylation of CheY causes a conformational change resulting in dissociation from
CheA and increased affinity for CheZ and FliM (Welch et al., 1994). Phospho-CheY
binding to the flagellar switch protein FliM initiates a change in the flagellar rotation
from counterclockwise to clockwise (Wylie et al., 1988; Welch et al., 1993; Welch et al.,
1994). This clockwise rotation causes the flagella to fly apart and the cell tumbles.
CheZ is a 24-kDa protein that forms dimers in vivo (Blat and Eisenbach, 1996c)
and is responsible for the dephosphorylation of phospho-CheY (Blat and Eisenbach,
1994; Hess et al., 1988b). CheZ forms oligomers with phospho-CheY but not with
unphosphorylated CheY (Blat and Eisenbach, 1996c). CheZ dephosphorylates soluble
phospho-CheY which increases dissociation of CheY from FliM (Blat and Eisenbach,
1996b; Blat and Eisenbach, 1996a; Bren et al., 1996). It is unclear if CheZ has some
phosphatase activity itself or simply enhances CheY’s own phosphatase activity.

I.D.3. Adaptation
In order for a sensory system to function over a broad range of environmental
attractant concentrations, the system must have a way of adapting. In the bacterial
chemotaxis system, adaptation occurs at the receptor level. The receptors undergo
methylation reactions that mediate their sensitivity to attractants and repellents (Springer
et al., 1979).
The CheR protein is a methyltransferase that binds to the pentapeptide of the
high-abundance receptors and methylates the MCP methylation sites (Kort et al., 1975;
Springer and Koshland, 1977; Wu et al., 1996). CheR is a 33-kDa monomeric protein
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that has been crystallized (Simms et al., 1987). The structural analysis of CheR shows
that it shares some similarity with small molecule DNA and RNA methyltransferases in
the catalytic domain (Djordjevic and Stock, 1997; Shiomi et al., 2002). Using Sadenosylmethionine (AdoMet) as the methyl-donor (Springer and Koshland, 1977), CheR
forms a methyl ester on the receptor at specific glutamate residues (Kehry and Dahlquist,
1982b; Van Der Werf and Koshland, 1977).
The methylesterase CheB removes methyl groups from the MCP (Stewart and
Dahlquist, 1988; Stock and Koshland, 1978). The CheB protein is required for functional
chemotaxis; CheB mutants tumble continuously in the absence of attractant (Stock and
Koshland, 1978). CheB is activated by the transfer of a phosphoryl group from phospho
CheA to the CheB N-terminal domain (Hess et al., 1988b; Lupas and Stock, 1989;
Russell et al., 1989; Stewart and Dahlquist, 1988). In addition to methylesterase activity,
CheB is a glutaminase that non-reversibly removes an amido group from glutamine
residues to form glutamates (Kehry et al., 1983; Rollins and Dahlquist, 1981; Sherris and
Parkinson, 1981). For example, Tar contains 4 possible methylation sites (Q295, E302,
Q309 and E491). In a CheB mutant only half of these residues, the glutamates (E) can be
methylated by CheR. If CheB is present, however, the two glutamines (Q) will be
deamidated to E which can then be methylated by CheR.
This covalent modification (methylation) affects ligand binding by desensitizing
the MCP (Li and Weis, 2000; Yonekawa and Hayashi, 1986). By constantly altering the
ratio of methylated sites and clustering, the cell is able to generate a wide range of
signaling intensities (Borkovich et al., 1992).
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I.D.4. Polarity and Amplification
Pioneering work on the localization of chemotaxis proteins in the E. coli
membrane by Maddock and Shapiro initiated a new area of study in chemotaxis
(Maddock and Shapiro, 1993). Subsequently, it was found that in E. coli the
chemoreceptors, CheA and CheW were localized at the bacterial cell poles. CheA
mutants (expressing receptors and CheW) retained their polarity but CheW mutants
(expressing receptors and CheA) did not. Not only are the chemotaxis proteins polar but
they exist in tight clusters at the cell poles (Lybarger and Maddock, 1999; Skidmore et
al., 2000). The cytoplasmic proteins CheY and CheZ are also clustered at the cell poles
(Sourjik and Berg, 2000). The low-abundance receptors, on the other hand, are polar but
not clustered in the absence of the high-abundance receptors (Lybarger and Maddock,
1999). The mechanism of polar localization is unclear but simple diffusion in the plane
of the membrane by the large clusters seems unlikely due to the lack of clustering of
polar low-abundance receptors (Lybarger and Maddock, 1999; Lybarger and Maddock,
2001).

These receptor clusters may provide an answer to a long-standing question in
chemotaxis: how can the receptors respond to gradients extending over five orders of
magnitude? Modeling programs indicated that receptor clusters forming a lattice-like
structure could result in significantly more signal sensitivity than individual receptors can
achieve alone (Bray et al., 1998; Duke and Bray, 1999). Ligand-binding as well as
receptor modification demonstrate positive cooperation in receptor clusters (Bornhorst
and Falke, 2000; Jasuja et al., 1999; Kim et al., 2001; Levit and Stock, 2002). Studies
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using multi-valent attractants demonstrated that responses are significantly increased in
stable receptor arrays (Gestwicki and Kiessling, 2002).
New insight into in vivo receptor clusters was gained when crystallography of the
cytoplasmic Tsr domain showed 3 dimers of Tsr interacting in a higher-order structure
dubbed a “trimer of dimers” (Kim et al., 2002). These trimers of dimers then interact in
larger structures or signaling teams (Ames et al., 2002). The trimers can contain different
receptor dimers, illuminating the ability of CheR to methylate Trg and Tap when
recruited by Tsr or Tar (Ames et al., 2002; Sourjik and Berg, 2004).

I.E. Electron Transport System
The electron transport system (ETS) is composed of a modular series of
membrane-bound enzymes. These proteins facilitate the flow of electrons via a series of
oxidation/reduction reactions that move the electrons to components with progressively
higher redox potentials. These proteins are able to use the redox energy of electron
transport to drive proton translocation into the periplasm leaving the cytoplasm
negatively charged (Mitchell, 1961). This proton translocation results in the build up of a
proton motive force (PMF) that has both a chemical and electrical component (due to the
positive nature of protons). This PMF can then be used by the cell to do work such as
flagellar rotation, solute transport and ATP synthesis (Mitchell, 1961). For a
comprehensive review of the ETS see Gennis and Stewart, (1996).
There are three main component types present in the bacterial ETS: 1 The
substrate-specific dehydrogenases that are able to accept electrons from a wide variety of
organic compounds and pass them to quinones. 2 The lipid-soluble quinones
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(ubiquinone, menaquinone and demethyl-menaquinone) that accept electrons from a
dehydrogenase and pass them to a reductase. 3 The terminal reductases that pass the
electrons from a quinone to the terminal electron acceptor. By varying which
dehydrogenase, quinone and reductase is expressed, bacteria are able to tailor their ETS
components to accommodate electron donors and acceptors present in their environment
(Figure 1.2).

I.F. Aerobic ETS Components
I.F.l. NADH-Dehydrogenase 1
NADH-Dehydrogenase 1 (NDH-1) is the H+ translocating NADH dehydrogenase
present in the electron transport system of E. coli (Calhoun and Gennis, 1993; Matsushita
et al., 1987; Owen and Kaback, 1979) (Figure 1.2). NDH-1 contains multiple prosthetic
groups including one flavin mononucleotide (Leif et al., 1995) and as many as 9 ironsulfur (Fe/S) groups (Friedrich et al., 2000). NDH-1 is homologous to mitochondrial
complex 1 in eukaryotes. Although complex 1 is significantly more complex with
additional subunits not found in prokaryotic NDH-1, the basic structure and function are
similar, resulting in reference to bacterial NDH-1 as a minimal form of complex 1 (Leif
et al., 1993).
The NDH-1 protein is made up of 14 subunits (A-N) encoded by the nuo operon
(nuoA-nuoN) (Weidner et al., 1993). In E. coli, the nuoC and nuoD gene products are
fused to form a single CD subunit (Braun et al., 1998). Expression of nuo is stimulated
during oxygen respiration, fumarate respiration and in the presence of C4 dicarboxylates
(Bongaerts et al., 1995; Tran et al., 1997).
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Figure 1.2 Cartoon of the aerobic ETS showing each component and their
published H7e ratio. Arrows indicate the flow of electrons. (Adapted from
Gennis and Stewart, 1996)
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NDH-1 can be separated into soluble and insoluble subunits which correspond to
the peripheral and membrane arms of the NDH-1 crystallized structure. The peripheral
arm contains NuoB-NuoG and Nuol subunits. This arm contains all of the redox groups
and the NADH binding site (NuoF) (Fecke et al., 1994; Guenebaut et al., 1998). The
membrane arm is made up of NuoA, NuoH, and NuoJ-N subunits. This arm contains the
membrane spanning regions and presumably the proton translocation sites. Subunits
from both arms (possibly NuoD and NuoH) are believed to be involved in ubiquinone
binding (Brandt, 1997; Gong et al., 2003; Prieur et al., 2001). Crystallography studies
indicate NDH-1 is L-shaped with the peripheral arm protruding into the cytoplasm
(Bottcher et al., 2002; Guenebaut et al., 1998; Hofhaus et al., 1991; Sazanov et al., 2003).
Recent studies, however, indicate that NDH-1 may also reversibly form a horseshoe
shape in low ionic strength buffer suggesting a flexible in vivo conformation (Bottcher et
al., 2002). The existence of this horseshoe NDH-1 is still a matter of debate. The
structure of NDH-1 has recently been reviewed (Friedrich and Bottcher, 2004).
While it is generally believed that there are two coupling sites in NDH-1 (2H7eor 2H70.5 NADH) (Dupuis et al., 1998; Galkin et al., 1999; Wikstrom, 1984), the
mechanism of proton translocation has not been established. There are two possible
methods of proton translocation in NDH-1. One is a redox-driven model whereby the
oxidation-reduction of cofactors induces the uptake of protons from the cytoplasm and
the release of protons into the periplasm. There is some evidence for this redox-driven
proton translocation method in that a few residues surrounding FeS clusters have been
shown to undergo protonation/deprotonation reactions (Flemming et al., 2003; Kao et al.,
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2004). The other possible model for proton translocation in NDH-1 is a conformational
change model in which the binding of NADH causes a shape change allowing protons to
pass into the periplasm. This model is supported by the location of the proposed protontranslocating subunits NuoL and NuoM (Holt et al., 2003) and studies showing a
conformational change between NDH-1 in the presence of NAD+ and NDH-1 in the
presence of NADH (Mamedova et al., 2004). It is also possible that both methods are
used by NDH-1, where the first coupling site is redox-driven while the second coupling
site is conformational change-driven. This hypothesis is supported by bioinformatic
analysis of individual NDH-1 modules that are conserved between other proteins
(Friedrich and Scheide, 2000; Friedrich, 2001; Holt et al., 2003).

I.F.2. NADH-Dehydrogenase II
Much of the early confusion and conflicting reports about NADH-deydrogenase
was explained by the discovery of two separate NADH-dehydrogenases present in E. coli
(Calhoun and Gennis, 1993; Matsushita et al., 1987; Owen and Kaback, 1979) (Figure
1.2). NDH-1 is able to utilize deamino-NADH (reduced nicotinamide hypoxanthine
dinucleotide) in addition to NADH and contributes to PMF while NDH-2 can only utilize
NADH and does not contribute to PMF (Calhoun and Gennis, 1993; Hayashi et al., 1989;
Matsushita et al., 1987). NDH-1 has a higher affinity for NADH than does NDH-2 (Km
10 jaM and 50 //M, respectively) indicating that NDH-1 is preferentially used when it is
present (Hayashi et al., 1989; Matsushita et al., 1987).
NADH-Dehydrogenase II (NDH-2) is a relatively simple protein compared to the
complexities of NDH-1. NDH-2 is a single subunit protein of 47 kDa encoded by the
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ndh gene (Jaworowski et al., 1981b; Young and Wallace, 1976; Young et al., 1981).
While it is a membrane-bound protein, NDH-2 does not translocate protons and therefore
does not contribute to cellular PMF (Hayashi et al., 1989; Matsushita et al., 1987). No
iron-sulfur clusters or FMN cofactors are present in NDH-2 but there is a single FAD
cofactor (Hayashi et al., 1989; Jaworowski et al., 1981a) and there is recent data to
suggest the presence of a thiolate-bound copper group (Rapisarda et al., 1999; Rapisarda
et al., 2002).
The regulator of fumarate and nitrate reduction (FNR) strongly represses ndh in
an anaerobic environment (Spiro et al., 1989; Green and Guest, 1994). Other proteins
control expression and repression of ndh to a lesser degree in response to cell cycle and
amino acids in the media. These regulators include FIS (factor for inversion stimulation)
(Green et al., 1996; Jackson et al., 2004), IHF (integration host factor) (Green et al.,
1997) and Arr (amino acid response regulator) (Green and Guest, 1994).

I.F.3. Other ETS Dehydrogenases
In addition to the NADH dehydrogenases discussed above, E. coli also expresses
a number of other substrate-specific dehydrogeanses. These enzymes utilize a wide
variety of electron donors including Krebs cycle intermediates (succinate and malate),
glycolytic intermediates (glucose, glycerol-3-phosphate and pyruvate), and fermentation
products (lactate, formate and H2). Each of these enzymes is able to donate electrons
directly to the quinone pool, thereby bypassing the NADH dehydrogenases (Figure 1.3).
The expression pattern differs significantly between proteins depending on the growth
substrate and available electron acceptors. The majority of these dehydrogenases,
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Figure 1.3 Cartoon of the substrate-specific dehydrogenases that donate electrons
directly to the quinone pool (adapted from Gennis and Stewart, 1996). The
enzyme’s substrate and the protein name is given for each dehydrogenase.
Enzymes that contribute to cellular PMF are denoted with pH+. The expression
pattern of each protein is denoted with A (aerobic), N (anaerobic) and M
(microaerophilic).
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particularly those expressed in aerobic environments, do not translocate protons and
therefore, do not contribute to cellular PMF. A review of respiratory dehydrogenases can
be found in Gennis and Stewart, (1996).

I.F.4. Cytochrome bo Oxidase
There are two quinol oxidases present in the Escherichia coli respiratory system
that catalyze the two-electron oxidation of quinol and the four-electron reduction of 02 to
water (Minghetti and Gennis, 1988; Mogi et al., 1998) (Figure 1.2). Cytochrome bo
oxidase is a member of the heme-copper oxidase superfamily that includes the
mammalian cytochrome c oxidase (Calhoun et al., 1994; Garcia-Horsman et al., 1994;
Saraste et al., 1991). Cytochrome bo is a four subunit 100 kDa protein encoded by the
cyoABCDE operon (Au and Gennis, 1987; Chepuri et al., 1990; Minghetti et al., 1992;
Kranz and Gennis, 1983; Tsubaki et al., 1993). Subunit I contains all the redox centers of
cytochrome bo oxidase including the low-spin heme b, the high-spin heme o and a copper
cofactor designated CuB (Lemieux et al., 1992; Minagawa et al., 1992; Minghetti et al.,
1992).
There are two distinct quinol binding sites on subunit II, a high-affinity site (QH)
that acts as a cofactor for the transfer of electrons from quinol bound in the low-affinity
site (Ql) to heme b (Mogi et al., 1999; Sato-Watanabe et al., 1994; Sato-Watanabe et al.,
1998). Heme b passes the electrons to the bimetallic center composed of heme o and
CuB, which is the active site for 02 reduction to water (Salerno et al., 1990). Extensive
studies have recently followed the specific path of electron transfer reactions inside of
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cytochrome bo oxidase; for an overview see Brown et al (1993) and Matsuura et al
(2004).

The function of subunits III and IV (encoded by cyoC and cyoD) is unclear but
they may act as a supporting structure for subunits I and II (Saiki et al., 1997). In fact
subunits III and IV are required for a functional cytochrome bo oxidase protein and
subunit I lacks its redox centers in a cyoC cyoD mutant (Nakamura et al., 1990;
Nakamura et al., 1997). The final gene in this operon, cyoE, encodes a farnesyl
transferase (Saiki et al., 1992; Saiki et al., 1993) that converts heme b to heme o.
Although this protein is not part of the cytochrome bo oxidase complex in vivo, it is
essential for heme o production and cyoE mutants are non-functional.
Cytochrome bo mediates the translocation of 2 protons across the inner membrane
per electron passed between ubiquinol and water (2H+/e). As with other members of the
heme-copper oxidase family, cytochrome bo uses two distinct methods of proton
translocation (Gennis, 1998a; Trumpower and Gennis, 1994). First, the delivery of
electrons by quinol on the positive side (periplasmic side) of the membrane combines
with protons from the negative side (cytoplasmic side) of the membrane to form water,
which results in a charge separation across the membrane equaling lH+/e . In addition to
this charge separation method, cytochrome bo translocates additional protons across the
membrane via a “proton pumping” method that results in another lH+/e", bringing the
total value of cytochrome bo to an H+/e ratio of 2 (Babcock and Wikstrom, 1992;
Puustinen et al., 1991; Rich et al., 1998; Wikstrom, 1989). This proton pumping channel
is believed to be in subunit I which is highly conserved among the heme-copper oxidase
proteins (Calhoun et al., 1994; Trumpower and Gennis, 1994). X-ray crystallography has

37

facilitated the identification of possible proton channels (Abramson et al., 2000;
Yoshikawa et al., 1998; Gennis, 1998b; Olsen and Hunter, 1994). The precise
mechanism, and residues involved, of proton pumping are a topic of great interest (Bailey
et al., 2002; Garcia-Horsman et al., 1995; Konstantinov et al., 1997; Lubben et al., 1999;
Puustinen and Wikstrom, 1999; Svensson-Ek et al., 1996) and are reviewed in Zaslavsky
and Gennis (2000).
Expression of cytochrome bo oxidase is maximal in an aerobic environment. In
fact, aerobically grown cells have a 13-fold higher expression of cytochrome bo than
anaerobic cells due to repression by FNR and the Arc regulatory system (Cotter et al.,
1990; Cotter and Gunsalus, 1992; Fu et al., 1991; luchi et al., 1990; Salmon et al., 2003;
Tseng et al., 1996). Although cytochrome bo has a lower affinity for oxygen {Km of
about 2 pM) than does cytochrome bd {Km of about 0.20 pM), cytochrome bo has a
significantly higher activity than cytochrome bd (Anraku and Gennis, 1987; Gennis and
Stewart, 1996; Rice and Hempfling, 1978). This relationship results in the use of
cytochrome bo in highly aerobic environment while cytochrome bd is used in
microaerophilic conditions (Fu et al., 1991; Gennis and Stewart, 1996; Rice and
Hempfling, 1978; Tseng etal., 1996).

I.F.5. Cytochrome bd oxidase
Encoded by the cydAB operon, cytochrome bd oxidase is a 2 subunit protein
(Green et al., 1988; Miller et al., 1988). Cytochrome bd contains three hemes {b 558’ ^595
and d) and no copper (Lorence et al., 1986) which puts cytochrome bd in a growing
group of bacterial oxidases that are not members of the heme-copper oxidase
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superfamily. Subunit I (CydA) contains the low spin heme b558 redox center (Green et ah,
1984) that is believed to accept electrons from quinol (Hata-Tanaka et al., 1987;
Kobayashi et al., 1999) and quickly transfer them to heme b595 which in turn transfers the
electrons to heme d (Hill, 1994; Kobayashi et al., 1999; Poole et al., 1989). Subunit II
(CydB) contains two redox centers, a high spin heme b595 and a high spin heme d that are
in close proximity and form a bi-nuclear center (Borisov et al., 2002; D'Mello et al.,
1996; Hill et al., 1993; Tsubaki et al., 1995; Vos et al., 2000). This bi-nuclear center is
the active site for 02 reduction to water. The di-heme nature of the bi-nuclear center is
thought to contribute to the unusually high binding affinity that cytochrome bd has for
oxygen (0.2

Km) (Hill, 1994).

Cytochrome bd activity contributes to proton motive force by translocating 1
proton from the cytoplasm to the periplasm per electron turnover (Bertsova et al., 1997;
Calhoun and Gennis, 1993; Miller and Gennis, 1985; Puustinen et al., 1991). The
mechanism of proton translocation by cytochrome bd has not been established but is
generally thought to utilize a release of protons into the periplasm upon quinol reduction
and an uptake of protons from the cytoplasm upon water formation (Jasaitis et al., 2000;
Puustinen et al., 1991) like the charge separation method described in the cytochrome bo
section. All evidence excludes the presence of a true proton pumping channel like the
one present in cytochrome bo.
In addition to the CydA and CydB oxidase structural proteins, E. coli also
expresses CydC and CydD proteins from a separate operon (cydCD) (Georgiou et al.,
1987). These proteins apparently form a heterodimeric ATP-binding cassette (ABC)
transporter that is required for cytochrome bd activity (Poole et al., 1994; Poole et al.,
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1993; Poole et al., 1989). While the function of this transporter has not been established,
some evidence suggests it may export heme needed for the assembly of cytochromes in,
or exposed to, the periplasm (Cook et al., 1997; Cook et al., 2002).
The expression of cytochrome bd is controlled by a variety of factors including
oxygen concentration, pH and growth conditions (Avetisyan et al., 1991; Bogachev et al.,
1993; Cotter et al., 1990; Rice and Hempfling, 1978) via several cellular regulatory
proteins. Fnr binds to two sites in the cydAB operon and represses transcription about 2fold in an anaerobic environment (Cotter et al., 1990; Cotter et al., 1997; Govantes et al.,
2000; Salmon et al., 2003; Tseng et al., 1996) while ArcA activates cydAB expression in
a low oxygen environment (luchi et al., 1990; Cotter and Gunsalus, 1992). This
overlapping regulation results in cytochrome bd being maximally expressed at
microaerophilic oxygen concentrations and repressed at both highly aerobic and
anaerobic environments. In addition, the nucleoid protein H-NS has also been implicated
as an aerobic repressor of cydAB (Govantes et al., 2000). The increased DNA
supercoiling that occurs when oxygen levels drop may also induce cydAB expression in
low oxygen concentrations (Bebbington and Williams, 2001).

LG. Strategy and Goals
Although Aer and Tsr have been identified and characterized as energy sensors in
E. coli, their mechanism for sensing cellular energy has not been established. Both the
electron flow/redox potential, and the resultant PMF have been suggested as possible
energy sensing signals for the receptors (Miller and Koshland, 1977; Laszlo and Taylor,
1981; Laszlo et al., 1984b; Taylor, 1983b; Taylor, 1983a; Shioi and Taylor, 1984; Zhulin
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et al., 1996; Bespalov et al., 1996), but differentiating between these parameters has been
impossible, until now.
In this work, we separated electron flow from PMF by constructing two series of
mutants (one expressing only Aer and one expressing only Tsr) that express specific ETS
components. Since each of the NADH dehydrogenases and cytochrome oxidases
translocate a specific number of protons per electron passed through the ETS, we
speculated that these mutants would display specific in vivo H7e ratios. The actual in
vivo ratios were measured, the membrane potential was measured to determine the PMF,
and the respiration rate was measured to estimate the ETS activity for each strain.
To correlate behavioral responses with energetic parameters, the aerotactic
response of each mutant strain was determined with aerotactic temporal assays, swarm
plate assays and capillary assays. The strength of the aerotactic response was compared
with PMF and the respiration rate to identify possible correlations between aerotactic
responses and energetic parameters.
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II. MATERIALS AND METHODS

II.A. Strain Construction and Growth Conditions
II.A. 1. Growth Conditions
Unless otherwise noted, Escherichia coli was grown at 30°C with vigorous
aeration in either Luria Burtani or HI minimal salts broth. Luria Burtani (LB) medium
contained 1% Bacto Tryptone (Becton Dickinson, Sparks, MD), 0.5% Bacto yeast extract
(Becton Dickinson, Sparks, MD) and 0.5% sodium chloride (Davis et al., 1980)
supplemented with 0.00005% thiamine. LB agar plates were made by adding 1.5%
Bacto-agar (Difco Laboratories, Sparks, MD) to LB broth described above. HI minimal
salts medium contained 64 mM potassium phosphate dibasic, 35 mM potassium
phosphate monobasic and 15 mM ammonium sulfate (Adler, 1973) supplemented with
0.1% casamino acids (Difco Laboratories, Detroit, MI), 0.0001% thiamine, 0.002%
histidine, 0.002% leucine, 0.002% methionine, 0.002% threonine, 1 mM magnesium
sulfate and the appropriate energy source.

II.A.2. ETS Mutant Construction
II.A.2.a. Purification of Virus Stocks
In order to create a pure PI-virus stock, I isolated and enriched a single PI
morphological plaque. E. coli strain RP437, which is wild type for chemotaxis, was
grown to OD600 of 0.2 in titering broth (LB broth supplemented with 5 mM CaCl2). Serial
dilutions of the virus stock were made by diluting 2 pi of the phage into 198 pi of titering
broth to make dilutions ranging from 102 to 10 10. One hundred pi of a phage dilution,
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500 ^il of the RP437 bacterial culture and 2.5 ml top agar (LB medium supplemented
with 5 mM CaCl2 and 0.75% agar) were combined and poured onto fresh viral titering
plates (LB plates supplemented with 5 mM CaCl2). The top agar was allowed to set for
15 minutes before incubating the inverted plates overnight at 37°C to allow PI infection
and plaque formation.
The number of plaque forming units (PFU) per ml was calculated and a solitary
morphologicaly-Pl plaque was selected for isolation and enrichment. A sterile toothpick
was used to pick up the plaque and transfer the phage to a microcentrifuge tube
containing 250 pJ titering broth. The virus-containing broth was combined with 0.5 ml of
a RP437 culture (OD600= 0.2) in titering broth and 2.5 ml of top agar; and poured onto a
fresh thick transduction plate (LB medium supplemented with 5 mM CaCl2, 1% agar).
The plate was incubated right side up overnight at 37°C to allow complete lysis of the
bacterial cells and maximum virus production.
Viruses were harvested from the plate by adding 5 ml of titering broth to the plate
and incubating the plate at 4°C for 4 hours. The enriched PI-containing broth was
pipetted from the plate and treated with several drops of chloroform to kill contaminating
bacteria. Any bacterial residue and agar was removed by centrifugation at 4,000 x g in a
Beckman Accuspin tabletop centrifuge (Beckman Instruments, Palo Alto, CA) for 15
minutes, and the carefully removed supernatant was retreated with chloroform. This
stock was titered as above to ensure no lambda phage contamination was present. The
virus stock was stored at 4°C. All virus work was conducted in a Sterigard laminar flow
hood (Baker Company, Stanford, ME) to limit virus contamination.
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II.A.2.&. PI Transduction
PI transduction followed the methods of Miller (1992). The strains used in this
study are listed in Table 2.1. PI transduction was used to move nuo:cam from AJW851
(nuo:cam) into UU1117 (aer) and RP5882 (tsr) to make BT3414 (aer nuo:cam) and
BT3415 (tsr nuo:cam), respectively. The cyd:kan mutation from GO 103 (cyd:kan) was
transduced with PI into BT3414 (aer nuo:cam), BT3415 (tsr nuo:cam), BT3389 (aer
ndh:erm) and BT3390 (tsr ndh:erm) to make BT3403 (aer nuo:cam, cyd.’kan), BT3404
(tsr nuo:cam cyd.'kan), BT3407 (aer ndh:erm cyd:kan) and BT3408 (tsr ndh:erm
cyd:kan), respectively. The cyo:kan mutation from GO 104 (cyo:kan) was transduced
into BT3414 (aer nuo:cam), BT3415 (tsr nuo:cam), BT3389 (aer ndh'.erm) and BT3390
(tsr ndh:erm) to make BT3401 (aer nuo'.cam cyo:kan), BT3402 (tsr nuo’.cam cyo’.kan),
BT3405 (aer ndh'.erm cyo'.kan) and BT3406 (tsr ndh'.erm cyo:kan), respectively.
A test tube containing 5 ml of LB medium supplemented with 0.2% D-glucose
and 5 mM CaCl2 was inoculated with 50 \i\ of an overnight culture of the donor strain and
100 pil of a phage lysate was added to the tube. The tube was incubated at 37°C with
aeration until complete lysis of the phage-inoculated culture (about 4 hours) before 100
pi chloroform was added to the test tube. The donor phage-containing medium was
collected by centrifugation at 3,000 x g for 15 minutes (Beckman Instruments, Palo Alto,
CA).
An overnight culture of the recipient cells was subcultured into 4 test tubes, each
containing 5 ml of LB medium supplemented with 0.1% D-glucose and 10 mM CaCl2
and the cultures were grown at 37°C with aeration to an OD600 of 0.4-0.6. The donor
phage was added to the recipient cultures in 0, 10 pi, 100 pi and 300 pi quantities and the
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Table 2.1 Strains used in this study.
Strain

Genotype

Reference

CP875

thi-1 thr(am)-l leuB6 hisF-4 rpsL136
lacYl AlacX74

(Pruss et al., 1994)

GR70N

F thi rpsL gal

(Green et al., 1984)

RP437

F thi-1 (Am) leuB6 hisG4
metF159(Am) eda rpsL 136 lacYl
mtl-1 tonA31 tsx-78 xyl-5

AN387

F rpsL gal

(Au et al., 1984)

RP5882

RP437 Atsr-7021

(Callahan etal., 1987)

UU117

RP437 Aaer-1

(Bibikov et al., 1997)

BT3312

RP437 Aaer-1 Atsr-7021

(Repik et al., 2000)

BT3309

RP437 tsr::erm

This Study

BT3310

UU1117 tsr::erm

This Study

BT3398

AN387 tsr::erm

1

Wild type strains

(Parkinson and Routs, 1982)

Aerotaxis Mutants

Electron Transport System Mutants
AJW851

CP875 nuoF::mmiTnlOCm

GO103

GR70N Zbg-2200::kan A(cydAB,)455

GO 104

GR10N A(cyoABCDE)456::kan

BT3389

UU1117 ndh:erm

2

BT3390

RP5882 ndh:erm

2

BT3414

UU1117 nuoF::mimTnl0Cm

This Study

BT3415

RP5882 m^F::miniTn70Cm

This Study

BT3401

BT3414 A(cyoABCDE)456::kan

This Study

BT3402

BT3415 A(cyoABCDE)456::kan

This Study

BT3403

BT3414 Zbg-2200::kan A(cydAB')455

This Study

BT3404

BT3415 Zbg-2200::kan A(cydAB’)455

This Study
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(Falk-Krzesinski and Wolfe, 1998)
(Oden et al., 1990)

(Calhoun and Gennis, 1993)

BT3405

BT3389 A( cyoABCDE)456::kan

This Study

BT3406

BT3390 A(cyoABCDE)456::kan

This Study

BT3407

BT3389 Zbg-2200::kan A(cydAB,)455

This Study

BT3408

BT3390 Zbg-2200::kan A(cydAB’)455

This Study

Flavin Reductase Mutants
ALN2
BT3399
i

AN387 fre::kan
ALN2 tsr::erm

(Woodmansee and Imlay, 2002)
1

Constructed by Mary Ann Roser

2 Constructed by Kylie Watts
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tubes were incubated at 37°C for an additional 20 min without aeration to allow phage
attachment. After 20 min, the infection was halted by adding 200 pi 1 M sodium citrate
to chelate free calcium. The cells were isolated by centrifugation at 3,000 x g for 15 min
and resuspended in 500 pi LB medium supplemented with 250 mM sodium citrate. The
isolated bacteria were incubated at 37°C for 1 h to allow expression of the antibiotic
resistance genes before cell collection via centrifugation as above and resuspension in
100 pi of 1M sodium citrate. The resuspended cells were plated on LB agar plates
supplemented with 0.1% sodium citrate and the appropriate selective antibiotics and
grown overnight at 37°C. The isolated colonies were grown twice more on the LB citrate
plates to ensure that the cells were cured from the transducing phage.
II.A.2.C. Genetic Analysis of Transductants
The transduced mutations were verified by polymerase chain reaction (PCR).
II.A.2.c.i. Isolation of chromosomal DNA.
Genomic DNA was isolated with a Qiaprep Miniprep kit (Qiagen Inc., Valencia,
CA). The bacterial cells in 1.5 ml of an overnight culture were collected by
centrifugation at 20,000 x g for 5 min in a tabletop microcentrifuge (Brinkman
Instruments, Westbury, N.W.) and resuspended by vortexing in 200 pi of buffer PI (50
mM Tris-HCI, pH 8.0, lOmM EDTA (Na+), and 100 pg/ml RnaseA). After complete
resuspension, 200 pi of P2 lysis buffer (200 mM NaOH and 1% SDS) was added to the
sample and it was allowed to incubate for 10 minutes at room temperature to allow
complete bacterial lysis. A 200 pi aliquot of N3 precipitation buffer containing 3M
potassium acetate (pH 5.5) was added to the tube to precipitate the cellular proteins and
they were centrifuged at 20,000 x g for 10 minutes. The collected supernatant was added
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to 1 ml of ice-cold 100% ethanol with 300 mM sodium acetate and kept at -80°C for a
minimum of 1 hour in order to precipitate the sample’s DNA. The DNA was collected
via centrifugation at 20,000 x g for 30 minutes at 4°C and the pellet was washed in 70%
ethanol. The DNA pellet was dried completely and resuspended to 500 ng/pl in sterile
double-distilled water and stored at -20°C.
II.A.2.c.ii. Polymerase Chain Reaction (PCR).
The nuo'.cam mutation transduced from AJW851 was an insertion of a 1.4 kb
chloramphenicol resistance cassette into the NuoF gene (Falk-Krzesinski and Wolfe,
1998). Primers directed from the NuoE gene
(TTACGCTGCTGCCAACTTGCTGCCTG) and the NuoG gene
(CCAGAGACAGACAAGCTTCCAGCAGGTTG) were used to amplify NuoF. All
primers were made by Sigma Genosys (Woodlands, TX). Each 50 pi reaction contained
150 ng of each primer, 250 pM dNTP mix, 2.5 units Taq polymerase (Fisher Scientific,
Fair Lawn, NJ) and 250 ng of sample DNA. The NuoF PCR reaction consisted of a 5
minute incubation at 94°C before 35 cycles of: denaturation at 94°C for 30 seconds,
primer annealing at 65°C for 30 seconds and primer extension at 72°C for 2 minutes.
After the 35 cycles, the sample was incubated at 72°C for another 7 minutes before being
stored between 4° and -20°C. All PCR reactions were completed on a GeneAmp PCR
System 2400 (Perken Elmer Inc., Boston, MA).
The cyd'.kan mutation transduced from GO 103 was constructed by deleting a
large segment of the cyd gene and inserting a kanamycin resistance cassette (Oden et al.,
1990). Primers directed to the region just upstream of cyd
(GCGAAGGGTTACGTGAATTTGAAGTCATCGG) and the region just downstream of
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cyd (CAGACTTGCGTTCATCATGGTGCTGGAC) were used to amplify the cyd
region. The PCR reaction was performed as described above with an annealing
temperature of 65°C and a primer extension of 4 minutes.
The cyo:kan mutation transduced from GO 104 was constructed by deleting a
large segment of the cyo gene and inserting a kanamycin resistance cassette (Calhoun and
Gennis, 1993). Primers directed to the segment just upstream of cyo
(CAGATAGACCTTCCAGTGTTCAGCCGCCG) and just downstream of cyo
(CGGGTTGGTTTGTTGAAGCACACGGC) were used to amplify the cyo region. Each
25 pi reaction contained 50 ng of each primer, 200 pM dNTP mix, 1.25 units Pfu Turbo
DNA Polymerase (Stratagene, La Jolla, CA) and 50 ng of sample DNA. The cyo PCR
reaction was performed as above with an annealing temperature of 73°C and an extension
time of 8 minutes.
II.A.2.c.iii. Electrophoresis.
The PCR products were examined via electrophoresis separation. Agarose gels
were made at 0.8% agarose in Tris-acetate EDTA (TAE) buffer (40 mM Tris, 20 mM
sodium acetate trihydrate, 1 mM disodium EDTA, pH 7.2) with 2.5 pi ethidium bromide
added per 40 mis of gel. Three pi of the PCR product was added to a 1/6 dilution of 6 X
gel loading buffer (IX TAE, 50% glycerol, 1% bromophenol blue, 1% xylene cyanol)
and loaded into each well. A 1 Kb DNA ladder (New England Biolabs, Beverly, MA)
was loaded on each gel. The gel was run on a Horizontal Gel Electrophoresis Unit
(Kodak BioMax, New Haven, CT) subjected to 100 mV for approximately 45 minutes to
allow complete separation of the DNA and the bands were viewed with an ultraviolet
trans-illuminator (Alpha Innotech Imaging Inc., California).
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II.A.3. Tsr Mutant Construction
I LA. 3. a. Transformation
Rachel Korson and Kylie Watts constructed the allelic exchange vector by
inserting the tsr gene, interrupted by an erythromycin cassette, into the pK03 plasmid.
The pK03 plasmid was a gift from G.M. Church, Harvard University. I transformed this
plasmid into both RP437 (wild type) and UU1117 (aer) using the Transformaid Bacterial
Transformation Kit (MBI Fermentas, Hanover, MD) and allelic exchange was used to
recombine the tsr:erm mutation into the bacterial chromosome.
As described in the Transformaid instructions (MBI Fermentas, Hanover, MD),
individual colonies of RP437 (wild type) and UU1117 (aer) were grown overnight in C
media at 30°C with aeration. A 150 pi aliquot of each overnight culture was inoculated
into 1.5 ml of pre-warmed C media (MBI Fermentas, Hanover, MD) and allowed to grow
at 30°C for 20 minutes. The bacteria were isolated by centrifugation at 20,000 x g for 1
min in a tabletop microcentrifuge (Brinkman Instruments, Westbury, NY) and the
bacterial pellet was resuspended into 300 pi T solution (MBI Fermentas, Hanover, MD).
The resuspended bacterial sample was incubated on ice for 5 minutes before isolating the
cells again and resuspending them in 120 pi of T solution. The cells were incubated on
ice for an additional 5 minutes before combining 50 pi of the ice-cold bacteria with 1 pi
of the plasmid obtained from Korson and Watts. The cell and plasmid mixture was
incubated on ice for another 5 minutes then spread onto pre-warmed LB plates containing
25 pg/ml chloremphenicol.
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ILA.3.&. Allelic Exchange
Allelic exchange is used to replace a chromosomal gene with a homologous gene
carried on the pK03 plasmid (Hamilton et al., 1989). The pK03 vector contains a
temperature-sensitive origin of replication, a chloremphenicol resistance cassette and the
sacB gene (Hamilton et al., 1989). In order to induce the temperature sensitive plasmid to
integrate into the chromosome, the transformed cells plated onto chloremphenicol plates
(above) were grown overnight at 44°C. Since free pK03 plasmid cannot replicate at 44°,
only cells that had successfully integrated the pK03 plasmid into their chromosome grew
at the higher temperature.
Colonies grown at 44°C were subsequently screened for retention of only the
tsr:erm mutation while lacking the remaining plasmid. Since the sacB gene facilitates cell
lysis in the presence of sucrose, susceptibility to sucrose and chloramphenicol is
indicative of the presence of the plasmid while resistance to only erythromycin is
indicative of a successful recombination. Several of the colonies grown on the 44°
chloremphenicol plates were inoculated into 5 ml of LB broth containing 7.5% sucrose
and 200 pg/ml erythromycin and grown overnight at 30°C. A 50 pi aliquot of the
overnight culture was spread onto LB plates supplemented with 7.5% sucrose and 200
pg/ml erythromycin and grown overnight at 30°C. Finally, single colonies isolated from
the LB plate containing sucrose and erythromycin were assayed for the successful loss of
the pK03 plasmid by testing their ability to grow on both erythromycin and
chloremphenicol. Colonies resistant to erythromycin and susceptible to chloremphenicol
were screened using PCR.
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II.A.3.C. Genetic Analysis of Mutants
The chromosomal DNA was isolated as described above. The tsr.erm mutation
created by Korson and Watts contains a minimal number of Tsr residues on either side of
an erythromycin cassette (950 bp). Primers directed to the region just upstream of the Tsr
gene (GATGCCCGGGAGGTAGCCCATCTGCGCGGCGAGAA) and just downstream
of the Tsr gene (CATCCCCGGGGTGTTGGTGCGTATCGGTATGGGG) were used to
amplify the Tsr locus in a PfuTurbo PCR reaction with a annealing temperature of 65°C
and an extension time of 4 minutes. The PCR results were examined via electrophoresis
on a 0.8% agarose gel as described above.

II.B. Dual-Beam Spectroscopy
Dual-beam spectroscopy can be used to confirm the presence or absence of
specific cytochromes based on the absorbance spectra of the cytochromes heme groups
(Chance, 1957; Chance, 1951; Ingledew and Poole, 1984). I used dual-beam
spectroscopy to confirm the presence of cytochrome bd oxidase and cytochrome bo
oxidase in the two constructed strain series.

II.B.l. Sample Preparation
The bacterial samples were grown in 2 1 of LB medium in a 4-1 flask at 30°C with
vigorous aeration to late-log phase. The cells were harvested by centrifugation at 5,000 x
g in a Sorvall Superspeed RC2-B automatic refrigerated centrifuge with a GSA rotor
(Sorvall, Asheville, NC) and resuspended in 2 ml 50 mM K+P04 buffer, pH 7.6,
containing: 0.3% lysozyme (Sigma Chemical Company, St. Louis, MO), 1 tablet
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Complete Mini protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany) per
10 ml buffer and Ipg/ml DNase I (Worthington Chemical Corporation, Lakewood, New
Jersey).
The samples were lyzed by freeze/thaw, alternating 5 times between a dry ice/
ethanol bath, and a 37°C water bath. To ensure complete lysis, the samples were
sonicated in a Branson Sonifier Cell Disrupter 200 (Branson Sonic Power Company,
Danbury, CT) at output level 5 with 40% duty cycle for 20 pulses for 3 sessions, resting
on ice between sessions. The samples were centrifuged at 12,000 x g and the supernatant
containing the cell extract was carefully removed and centrifuged again at 480,000 x g in
a Beckman XL-90 Ultracentrifuge (Beckman Intruments, Inc., Palo Alto, CA) to pellet
the membrane fraction. The pellet was resuspended in 1.5 ml of a 50 mM K+P04, pH 7.6
buffer and stored on ice.

II.B.2. Cytochrome Determination
The sample was loaded into 2 quartz cuvettes (Precision Cells, Hicksville, NY),
then one cuvette was reduced with a small amount of Na+-dithionite (J.T. Baker Chemical
Company, Phillipsburg, NJ) while the other cuvette was oxidized by shaking to
completely aerate. For the CO-reduced samples, the cuvette was flushed with CO after
reduction with Na+-dithionite. The dual-beam spectrophotometer was a Cary 300Bio
UV-Vis Spectrophotometer (Varian Inc., Walnut Creek, CA). A wavelength scan
between 400 nm and 700 nm for both the reduced minus oxidized and the CO-reduced
minus reduced samples were produced for each sample.
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II.C. Growth Curves
Growth curves were performed in HI minimal salts liquid medium, as described
previously. Five milliliters of an overnight culture was inoculated into a 2-1 flask
containing 500 ml of liquid media. The flasks were incubated at 30°C with vigorous
aeration in a Controlled Environment Incubator Shaker (New Brunswick Scientific Co.,
Edison, N.J.). Periodically, 1 ml aliquots were removed under sterile conditions and the
OD 600 was measured for each sample in a Beckman DU650 Spectrophotometer (Beckman
Instruments, Palo Alto, CA). The OD 600 was plotted versus time on a semi-log graph and
the doubling time was calculated for each strain.

II.D. Determination of in vivo H7e' Ratios
The apparatus for measuring H7e' ratios is shown in Figure 2.1. Proton extrusion
or uptake by suspended bacteria, in the closed chamber was monitored with an ionsensitive electrode and an argon gas line kept the interior of the chamber anaerobic.
Argon is heavier than nitrogen and was therefore preferred in this system. Anaerobic
solutions used to make additions to the chamber were maintained under a constant flow
of argon by splitting the argon flow with a 4-way connector into 3 argon gas lines (one
was inserted into the chamber, one perfused the 20 mM KOH solution and one perfused
the 5 mM HC1 solution). A Faraday cage of copper mesh was constructed around the
apparatus and the cage was electrically grounded. Hamilton syringes (Hamilton
Company, Reno, NY) were used to add solutions into the injection ports at the top of the
chamber. The change in pH was recorded with a MacLab MKIII data
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Figure 2.1 A photograph of the apparatus used to measure in vivo H+/e . The
temperature-regulated chamber (3 ml) has 3 side ports, one top port and two
injection sites. An H+ sensitive ion-selective electrode was inserted into the left
port and the compatible Dri-Ref reference electrode (World Precision
Instruments, Sarasota, FL) was inserted into the right port (the central port was
plugged). An argon gas line was inserted through the top port and a Hamilton
syringe was used to inject anaerobic 20 mM KOH, anaerobic 5 mM HC1 and airsaturated H20 through the injection ports. The chamber was mounted on a
magnetic stirrer (Corning, Acton, MA) and a magnetic stirrer bar within the
chamber ensured rapid mixing.
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acquisition system (Analog Digital Instruments, Milford, MA). The data was analyzed
and stored in a Power Macintosh 8500/150 computer (Apple Computer, Cupertino, CA)
using Chart v3.3 software (Analog Digital Instruments, Milford, MA).
Bacterial cells were grown at 30°C in a 2-1 flask containing 500 ml of HI minimal
salts medium with 0.5% glycerol energy source as described previously. The cells were
harvested during early log phase (OD600 0.35-0.5) by centrifugation at 5,000 x g and
washed twice in 150 mM KC1 pH 6.5. Finally the cells were resuspended to an OD600 of
20-25 in a reaction buffer containing 100 mM KC1, 50 mM KSCN, 0.5 mM MES, 10 mM
glycerol at pH 6.5. When measuring the H+/e ratio using only endogenous energy
sources, glycerol was eliminated from the reaction buffer. To measure the H7e ratios
using other carbon/energy sources, 10 mM malate or 10 mM succinate was substituted
for glycerol.
A 1.5 ml aliquot of the cell solution was loaded into the chamber and the chamber
was flushed with argon for 10 minutes to ensure complete anaerobiosis (Figure 2.2, arrow
A). The pH was adjusted back to 6.5 by injecting argon-flushed 20 mM KOH (Figure
2.2, arrow B) and the pH was allowed to stabilize before injecting 100 pi of air-saturated
water into the chamber (Figure 2.2, arrow C). The change in pH that resulted from
oxygen-dependent respiration was measured in millivolts. I readjusted the pH to 6.5
(Figure 2.2, arrow D) and created a standard curve of mV vs. pH by injecting 10 pi
aliquots of argon-flushed 5 mM HC1 (Figure 2.2, arrow E). An atmospheric oxygen
concentration of 250 pM was assumed in calculating the number of protons extruded per
02 molecule. The H702 ratio was divided by 4 (the number of electrons one molecule of
gaseous oxygen accepts) to give the H7e ratio.
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Figure 2.2 Change in external pH upon exposure of E. coli cells to oxygen as
described in the text. Panel A displays data collected for strain BT3401 (aer nuo
cyo) yielding an H+/e ratio of 1.3. Panel B displays data collected for strain
BT3407 (aer ndh cyd) yielding an H+/e ratio of 2.5.
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For the H+/e ratios of EDTA-permeabilized cells, I used a method adapted from
Pavlasova and Harold (1969). The cells were grown and harvested as above before being
washed twice in 120 mM Tris-HCl pH 8 and resuspended in 10 ml of the Tris buffer.
After a 2 minute incubation at 37°C, 0.2 mM EDTA (K+) pH 8.0 was added and the cells
were incubated for an additional 2 minutes. After permeabilization, the cells were diluted
immediately into 500 ml of 150 mM KC1 pH 7 and washed twice in the KC1 buffer. The
cells were finally resuspended into a buffer containing 100 mM KC1, 50 mM KSCN, 1.5
mM glycylglycine pH 7.0 supplemented with 5 pg/ml valinomycin and 1 mM malate
before being loaded into the chamber as described above.
The H+/e ratios of starved cells, were determined using a modification of the
Lawford and Haddock technique (Lawford and Haddock, 1973). Cells were grown and
harvested as before. The cells were washed twice and resuspended in 1 1 of HI minimal
salts medium (described above) without addition of an energy source. The 2-1 flasks
were incubated at 37°C with vigorous shaking for 2 hours to starve the cells of
endogenous energy sources as reported (Lawford and Haddock, 1973). The cells were
harvested as before, washed twice in 150 mM KC1 pH 7.0 and resuspended in 100 mM
KC1, 50 mM KSCN, 1.5 mM glycylglycine buffer pH 7.0 supplemented with 5 pg/ml
valinomycin and 1 mM malate. The H7e' ratios were measured as described above.
Possible significant differences between H7e ratios were statistically determined
with a two-tailed, homoscedastic t test. Significance was defined as p values < 0.05.
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II.E. Proton Motive Force Determination
Proton motive force (PMF) has both a chemical and electrical component as
represented in the equation: APMF = AlP-2.3RT (ApH)/F, where A1^ (membrane
potential) is the electrical component, ApH is the chemical component, R is the gas
constant (8.3 J mol1 K ’), T is the absolute temperature and F is Faraday’s constant (96.5
kJ V 1 mol ’). When the external pH matches the cytosolic pH of 7.6 (Slonczewski et al.,
1981), the ApH component is zero, and the entire PMF is in the form of membrane
potential. The membrane potential was quantified by measuring the partition of the
lipophilic cation tetraphenylphosphonium (TPP) in response to the charge difference
across the inner membrane, as described previously (Laszlo et al., 1984b; Shioi and
Taylor, 1984; Zhulin et al., 1996)
The chamber used to measure membrane potential was a 10 ml temperatureregulated closed glass chamber. The chamber was maintained at 30°C with a circulator
(Brinkman, Westbury, NY). The chamber was equipped with a TPP+ electrode (World
Precision Instruments, Sarasota, FL), reference electrode (World Precision Instruments,
Sarasota, FL), air line and magnetic stirrer bar. The electrodes were attached to a
MacLab MKIII data acquisition system (Analog Digital Instruments, Milford, MA) and
the data was analyzed and stored on a Power Macintosh 8500/150 computer (Apple
Computer, Cupertino, CA) using Chart v3.3 software (Analog Digital Instruments,
Milford, MA).
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II.E.l. ETS Mutants
Bacterial cells were grown at 30°C in a 4-1 flask containing 1 1 of HI minimal
salts medium with 0.5% glycerol as the energy source (as described previously). The
cells were harvested during early log phase by centrifugation at 5,000 x g, washed twice
in 0.1 M Tris, pH 8, and resuspended in 10 ml of the Tris buffer. The cells were
incubated at 30°C for 5 minutes before permeablization. In order to make the cells
permeable to TPF, they were incubated for 3.0 min at 30°C with 10 mM EDTA (K+) pH
8.0. The cells were immediately diluted into 500 ml of ice-cold 10 mM P04(K+) buffer,
pH 7.6, washed twice in the buffer and finally resuspended to OD600of about 34 in 10
mM P04(K+) with 10 mM glycerol, pH 7.6. The cells were kept on ice until addition to
the chamber.
Nine milliliters of 10 mM Tris, 20 mM glycerol buffer, pH 7.6 and 40 pi of
silicone emulsion antifoam (J.T. Baker, Philipsburg, NJ) was added to the chamber and
allowed to equilibrate before recording a standard curve. The gas line entering the
chamber was connected with either a nitrogen gas line or a compressed air line, each
equipped with a flowmeter (Matheson, Montgomeryville, PA) and a gas washing bottle
filled with distilled water (Kimax, Vineland, NJ). The standard curve of mV readings
versus TPP+ concentration was generated by adding 1 pi aliquots of 10 mM TPP+ to the
chamber to a final concentration of 6 pM (Figure 2.3, arrow A). After equilibration, 1 ml
of the cell suspension was added to the chamber (Figure 2.3, arrow B). Once the uptake
ofTPF by the cells had stabilized, the perfusion gas was switched from air to nitrogen
(Figure 2.3, arrow C). The drop in membrane potential caused the extrusion of TPP+.
After this new level of TPP+ had stabilized, the perfusion gas was switched back to air
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Figure 2.3 Change in relative membrane potential upon oxygenation in E. coli
BT3404 (tsr nuo cyd) as described in the text.
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(Figure 2.3, arrow D) and the change in membrane potential was recorded. The gas was
toggled between nitrogen and air 3 times per sample and each strain was tested on at least
two different days (n > 6). Since TPP4 can also bind to cellular membranes, non-specific
binding was subtracted after measuring TPP+ absorbance to a parallel sample that was
heat-killed at 65°C for 2 hours.
The external TPP* concentration was calculated from the linear regression
equation created by the standard curve of mV vs. TPP*. The approximate internal TPP^
concentration was determined by subtracting the external TPP* from the total 60 nmoles
ofTPF added to the chamber. Non-specific binding was subtracted from the internal
TPF levels to give a corrected internal TPP+ concentration. The number of bacterial
cells added to the chamber was determined spectrophotometically assuming OD600 of 0.4
equals a 3xl08 cells/ml (M.S. Johnson, personal communication) and the total internal
cellular volume was determined by multiplying the cell number by the internal cell
volume of E. coli (9xl0161) (Shioi and Taylor, 1984; Snyder and Koshland, 1981). In
order to calculate the final internal TPP+ concentration, the corrected internal TPF
concentration was divided by the total cellular internal volume.
Since AW (membrane potential) is the charge difference across the membrane, it
can also be expressed as the n AE component of Gibbs free energy (AG) in the equation:
AG = -n AE F where n is the number of electrons, AE is electric potential and F is
Faraday’s constant (96.5 kJ/V mol). AG can also be expressed in the equation: AG = -R
T ln(Keq) where R is the gas constant (8.3 J/mol K), T is the temperature in Kelvin and
Keq is the equilibrium constant. Combining these equations results in the relationship: AE
= R T ln(Keq) / n F. Using these experimental parameters (298°K and a single charge for
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TPP*), the equation can be reduced to: AW = 59mV x log(internal TPP^ concentration/
external TPP+ concentration). This equation was used to calculate membrane potential
and, since the ApH component of PMF was 0 in pH 7.6 buffer (equivalent to the cytosolic
pH), AW = PMF. The change in AW was calculated by subtracting the anaerobic AW
level from the aerobic AW level for each toggle between nitrogen and air. Possible
significant differences were determined as above and p values < 0.05 were considered
significant.

II.E.2. Membrane Potential as a Function of Oxygen Concentration
E. coli strain MM335, which is wild type for chemotaxis, was grown at 30°C in a
4-1 flask containing 2 1 of LB medium (described previously) supplemented with 20 mM
succinate. The cells were harvested as above, washed once in 0.1 M Tris pH 8 and
resuspended in 50 ml of the Tris buffer. The cells were EDTA-permeablized as above
and finally resuspended in 0.1 M P04(K+) with 20 mM succinate, pH 7.6 to an OD600of
approximately 34.
The chamber was set up as described above with the addition of a needle oxygen
electrode (Diamond General corp., Ann Arbor, MI) to measure the oxygen concentration
inside the chamber. The electrode was attached to the MacLab MKIII data acquisition
system as described above. The two gas lines described previously (compressed air and
nitrogen) were both connected to the gas line entering the chamber via a 3-way connector
(Cole-Parmer, Chicago, IL). The oxygen concentration of the perfusion gas was varied by
individually adjusting the flow rate of both the nitrogen and the compressed air to control
the contribution of each gas to the final gas perfusion mixture.
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The membrane potential was measured as described above with few differences.
The buffer used in this experiment was a 0.1 M P04(K+), pH 7.6 buffer supplemented
with 20 mM succinate and 4 pM TPP* was used to create the standard curve of mV vs.
TPP*. Instead of switching between a perfusion gas of 100% nitrogen and 100% air, the
oxygen concentration was slowly increased by increasing the ratio of compressed air to
nitrogen in the final perfusion gas while the oxygen concentration was monitored inside
the chamber. PMF was calculated as described above for each oxygen concentration.

ILF. Respiration Measurements
Bacterial cells were grown at 30°C in a 500 ml flask containing 100 ml of HI
minimal salts medium (described above) supplemented with 0.5% glycerol as the energy
source. The cells were harvested during early log phase (OD600 of 0.35-0.5) by
centrifugation at 3,400 x g and washed twice and resuspended to an OD600 of about 0.4 in
a buffer containing 10 mM P04(K+), pH 7.6, supplemented with 20 mM glycerol. The
cells were kept on ice until they were used.
One milliliter of this cell suspension was added to a temperature-regulated 1 ml
closed chamber (Yellow Springs Instruments, Yellow Springs, OH) at 30°C and a
magnetic stirrer (Corning, Acton, MA) and stirrer bar were used to completely mix the
sample. A Clarke-style oxygen electrode (Yellow Springs Instruments) attached to an
oxygen meter (Yellow Springs Instruments) measured the drop in oxygen concentration
of the sample and the readings were recorded with a MacLab MKIII data acquisition
system (Analog Digital Instruments, Milford, MA). The data were analyzed and stored
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on a Power Macintosh 8500/150 computer (Apple Computer, Cupertino, CA) using Chart
v3.3 software (Analog Digital Instruments, Milford, MA).
The oxygen concentration was calculated from a standard curve of oxygen
concentration vs. millivolts. The rate of oxygen consumption was calculated as nmole 02
consumed per min. The respiration rate per cell was calculated by dividing the
consumption rate by the cell concentration determined spectrophotometically assuming
OD600 of 0.4 equals a 3xl08 cells/ml (M.S. Johnson, personal communication).
Respiration measurements were made twice on each sample and each strain was prepared
a minimum of 3 times (n > 6). Possible significant differences were determined as above
and p values < 0.05 were considered significant.

II.G. Behavioral Assays
II.G.l. Spatial Assays
II.G. 1.a. Swarm Plate Assays
II.G.l.a.i. Tryptone swarm plates.
Tryptone swarm plates were made with 1% tryptone, 0.5% NaCl and 0.28% agar
supplemented with 0.00005% thiamine (Armstrong and Adler, 1969b; Wolfe and Berg,
1989). Fresh swarm plates were inoculated with 3pi of an overnight culture and grown at
30°C in a humid environment for 12 to 16 hours. Rings were viewed from the top with a
light box providing indirect fluorescent light against a black background and images were
captured with an Alpha Innotech camera (Alpha Innotech Imaging, CA). Side views of
the swarms were captured with a video camera.
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II.G.l.a.ii. Minimal medium swarm plates.
Minimal medium swarm plates were made with HI minimal medium salts
supplemented with 0.28% agar. The carbon/energy source to be tested (succinate,
glycerol or glucose) was added to 15 mM. When testing for catabolite repression, 5 mM
cyclic adenosine monophosphate (Sigma Chemical Comp, St. Louis, MO) was added to
the glucose minimal medium swarm plates.
Each strain was grown twice in HI minimal medium salts liquid supplemented
with the carbon/energy source of interest before inoculating minimal medium swarm
plates in order to induce genes necessary for growth on that source. Swarm plates were
inoculated and incubated as above for 30 to 40 hours and the rings were viewed as above.
II.G.l./?. Aerotaxis Capillary Assays
Bacterial cultures were grown with vigorous aeration to mid-log phase at 30°C in
LB medium. An optically flat, open-ended, 0.1 mm glass capillary tube (VitroCom Inc.,
Mt. Lakes, NJ) was dipped into the culture for several minutes to allow the bacterial
suspension to rise into the capillary tube and the capillary tube was placed on a
microscope slide. The oxygen gradient was allowed to form for 15 to 30 minutes before
viewing the capillaries with a dark-field microscope (Leitz Dialux, Wetzler, Germany) at
a 62.5x magnification. The microscope was fitted with a video camera (Cohu, Inc., San
Diego, CA) attached to a Power Macintosh 8500/150 computer equipped with Apple
Video PlayerVersion 1.7.1 image acquisition software (Apple Computers Inc.,
Cupertino, CA).
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II.G.2. Temporal Aerotaxis Assays
W.G.l.a. ETS Mutants
Bacterial cultures were grown in 10-ml glass culture tubes containing 3 ml of LB
media at 30°C to early-log phase (OD600 of 0.35 - 0.40). Each sample was diluted 5 fold
into fresh LB medium supplemented with 0.1 mM EDTA (K+) pH 8.0 and the sample
was allowed to equilibrate for at least 20 minutes before analysis.
An 8 pJ aliquot of the sample was loaded onto a glass slide and the slide was
inserted into a gas flow chamber (Laszlo and Taylor, 1981). The incoming gas line
attached to the chamber was connected to a 4-way valve to allow switching between
nitrogen and compressed air (21% oxygen). Both the nitrogen gas and compressed air
traveled through separate gas washing bottles filled with distilled water (Kimax,
Vineland, NJ) and the nitrogen line also included an Oxy-Trap oxygen scrubber (Alltech
Associates, Deerfield, IL) as described previously (Laszlo and Taylor, 1981). The
chamber was ventilated with air for 3 minutes to allow the cells to acclimate before
switching the perfusion gas to nitrogen. The perfusion gas was switched between air and
nitrogen 3 times, at 3-minute intervals. The bacterial responses were viewed at 800x
magnification on a dark-field microscope (Leitz Dialux, Wetzler, Germany) with an
attached video camera (Cohu, Inc., San Diego, CA) and video monitor (Panasonic
Industrial Co., Secoucus, N.J.) (Laszlo and Taylor, 1981). The data was recorded on a
video-cassette recorder (Sony Electronics Inc., Oradell, NJ) and time stamped with a
Time Date Generator (Panasonic Industrial Co., Secaucus, NJ)
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The time required for 50% of the bacterial cells to resume pre-stimulus behavior
was recorded for both the attractant (smooth) response and the repellent (tumble)
response and the recorded times were independently confirmed by another researcher.
Each sample was switched between nitrogen and air 2 times and each strain was studied
in triplicate on 3 separate days (n = 6). The average response times and standard
deviations were calculated and significant differences were determined as above.
II.G.2A Flavin Reductase Mutants
Aerotaxis temporal assays were performed to quantify differences in Aermediated aerotaxis in the presence and absence of flavin reductase (Ere). In addition to
measuring the aerotactic responses to 21% oxygen, I measured the aerotactic responses to
2% oxygen using three perfusion gases, air (21% 02), nitrogen (0% 02) and a custom gas
mix of 2% 02. This gas mix of precisely 2% oxygen, was created with a model 7300 gas
proportioner (Matheson, East Rutherford, NJ) to control the contribution of compressed
air (21%) and nitrogen to the final gas mix and the oxygen concentration of the mixed gas
was checked with an oxygen monitor (Hudson RCI, Temecula, CA). The cells were
prepared and loaded into the chamber as above and the aerotactic responses to 21%
oxygen were measured as above. Subsequently, the perfusion gasses were switched to 2%
oxygen and nitrogen and the aerotactic responses to 2% oxygen were measured as above.
The bacterial responses were viewed, recorded and analyzed as previously described.
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II.H. Correlations Between H7e‘, Proton Motive Force, Respiration and Temporal
Responses
Possible relationships between H7e ratio, PMF, respiration and temporal
responses were examined. Since none of the parameters were believed to be functionally
dependent upon any of the other parameters, a simple linear correlation test was used to
look for possible correlations between parameters (Zar, 1996). The data obtained from
isogenic strains [the UU1117 (Wr)-derived strains and the RP5882 (7sr)-derived strains]
was examined individually.
For each comparison, the data from one parameter (either F17e' ratio, PMF,
respiration or smooth responses) were plotted on the X-axis of a scatter plot and data
from another parameter were plotted on the Y-axis. The simple correlation coefficient (r)
between these parameters was determined:

Y2-

n

I

A positive r value denotes a positive correlation and a negative r value denotes a negative
correlation. The coefficient of determination (r2) was calculated by squaring the
correlation coefficient in order to quantify the variance between the data points and the
simple correlation coefficient. Finally, the correlation coefficient’s standard error (sr) was
determined:
^ =

1 -r
n—2
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In order to determine whether or not there was a statistical correlation between the
two parameters, the t-distribution was examined:

Using 2 degrees of freedom (v = n-2) and a significance factor (a) of 5%, the
two-tailed critical t value (ta(2)v) was 0.95.
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III. RESULTS

III.A. Introduction
In order to separate proton motive force (PMF) from redox activity, two series of
Escherichia coli electron transport system (ETS) mutants expressing binary combinations
of one NADH dehydrogenase and one cytochrome oxidase were constructed using PI
transduction. One ETS mutant series was constructed in the UU1117 (aer) background
and another series was constructed in the RP5882 (tsr) background. Both UU1117 and
RP5882 strains are derived from RP437, which is wild type for chemotaxis.
Since each ETS component translocates a specific number of protons per electron
passed through the chain (H7e ratio), the constructed strains were expected to have
individual H7e ratios dependent on the ETS components being expressed. Cytochrome
bo oxidase, product of the cyo gene, translocates ~2 H7e (Gennis, 1998b; Trumpower
and Gennis, 1994), cytochrome bd oxidase, product of the cyd gene, translocates ~lH7e
(Bertsova et al., 1997; Calhoun and Gennis, 1993; Miller and Gennis, 1985; Puustinen et
al., 1991), NADH dehydrogenase 1, product of the nuo gene, translocates ~2 H7e
(Bogachev et al., 1996; Dupuis et al., 1998; Galkin et al., 1999; Wikstrom, 1984), and
NADH dehydrogenase 2, product of the ndh gene, does not translocate protons (Hayashi
et al., 1989; Matsushita et al., 1987). A cartoon of the constructed strains and their
theoretical H7e ratios based on the oxidation of NADH is given in Figure 3.1. To assure
successful differentiation between strains, the in vivo H7e ratio was measured for each
constructed strain.
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Figure 3.1 Cartoon of ETS mutants showing the NADH dehydrogenase, terminal
oxidase and aerotaxis receptor expressed in each strain. The theoretical H+
translocated per electron at each site is shown for both the UU1117 (aer)
background (A) and the RP5882 (tsr) background (B). Abbreviations: NADH
dehydrogenase 1 {nuo gene), NDH-1; NADH dehydrogenase 2 (ndh gene), NDH2; cytochrome bd oxidase (cyd gene), bd and cytochrome bo oxidase (cyo gene),
bo.
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In order to determine whether PMF and ETS activity had been successfully
separated, each parameter was measured in each mutant series. The in vivo PMF was
determined by measuring membrane potential with the lipophilic cation,
tetraphenylphosphonium as described previously (Shioi et ah, 1988; Zhulin et ah, 1996).
ETS activity was determined by measuring the respiration rate of the strains. Swarm
plate, capillary and temporal assays were used to characterize the aerotactic responses of
each strain series. Statistical correlations between behavioral responses and individual
ETS parameters were examined to determine which ETS parameters correlate with
energy sensing by the Aer and Tsr receptors.

III.B. Characterization of Electron Transport Mutants
III.B.l. Verification of Constructed Strains
The virus stocks for PI transduction were contaminated with other bacterial
viruses. When PI infects an E. coli lawn it creates small, pinpoint, clear plaques with
regular edges (Sambrook and Russell, 2001; Miller et ah, 1992). Contaminated viral
stocks produced a mix of PI-like plaques and large, opaque, irregular plaques. The
contaminating plaque morphology was consistent with lambda bacteriophage (Sambrook
and Russell, 2001; Miller et ah, 1992), which is commonly used by other laboratories in
the building.
I isolated and enriched PI from a single PI-morphological plaque as outlined in
Materials and Methods. The purified and enriched stock was examined for lambda
contamination before use in strain construction. The ETS mutants used in this study were
constructed with PI transduction and transductants selected on the appropriate antibiotics
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were verified with polymerase chain reaction (PCR) as discussed in Materials and
Methods. The phenotype was confirmed on semi-solid agar plates (described below) and
by spectrophotometric analysis of the heme groups (Materials and Methods).

III.B.2. Dual-Beam Spectroscopy Analysis
In a reduced minus oxidized spectrum, heme d absorbs at 630 nm and the
absorbance is shifted 7 nm towards the red in the presence of carbon monoxide (CO)
(Castor and Chance, 1959; Bogachev et al., 1993; Ingledew and Poole, 1984; Miller and
Gennis, 1983). As expected, the spectra from E. coli RP437 (wild type) and the
cytochrome bo oxidase mutant, GO 104, had peaks at 630 nm in the reduced minus
oxidized spectra that were shifted to 637 nm in the CO-reduced minus reduced spectra
(Figure 3.2.A). The 630 nm peak was not present in the cytochrome bd oxidase mutant,
GO103, due to the loss of heme d (Figure 3.2.B). BT3401 (aer nuo cyo), BT3402 (tsr
nuo cyo), BT3405 {aer ndh cyo) and BT3406 {tsr ndh cyo) all had peaks at 630 nm on the
reduced minus oxidized spectra and the peaks were shifted 7 nm towards the red on the
CO-reduced minus reduced spectra (Figure 3.2.A). BT3403 {aer nuo cyd), BT3404 {tsr
nuo cyd), BT3407 {aer ndh cyd) and BT3408 {tsr ndh cyd) all lacked the heme d peak at
630 nm, confirming the absence of cytochrome bd oxidase in these strains.
In contrast to heme d, heme o is not easily resolved in a reduced minus oxidized
spectrum. A carbon monoxide (CO)-reduced minus reduced spectrum is used to visualize
peaks at 416, 535 to 538 and 567 nm (reviewed in Ingledew and Poole, 1984; Gennis and
Stewart, 1996). I was not able to reliably identify any of the cytochrome bo peaks in
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Figure 3.2 Dual-beam absorption spectra of E. coli as described in the text. Panel
A: BT3402 (tsr nuo cyo). Panel B: BT3404 (tsr nuo cyd), Red Trace: reduced
minus oxidized spectrum. Blue Trace: CO-reduced minus reduced spectrum.
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either the control strains or the constructed strains. Dr. Gennis of the University of
Illinois examined these spectra and suggested that the other cellular cytochromes that can
bind CO were likely interfering with the heme o absorbance (personal communication).

III.B.3. Growth Curves
Growth curves were performed on the constructed strains to identify any growth
differences that may result from the multiple ETS mutations in these strains. Each mutant
was grown in HI minimal salts media supplemented with 0.5% glycerol with vigorous
aeration as described in Materials and Methods and the doubling time was calculated for
each strain.
E. coli strain RP437 (wild type) had a doubling time of 66 minutes under these
conditions which is in accordance with published values (Greer-Phillips et al., 2004).
Likewise, UU1117 (aer) had a similar doubling time of 68 minutes. The doubling times
of the UU1117 (aer)-derived strains varied only slightly with ETS mutations (Figure 3.3).
BT3401 (aer nuo cyo), BT3403 (aer nuo cyd), BT3405 (aer ndh cyo), and BT3407 (aer
ndh cyd) had doubling times of 74, 75, 71 and 69 minutes, respectively.
The RP5882 (forj-derived strain series had slightly slower doubling times than
their

mutant counterparts. RP5882 (tsr) had a doubling time of 83 minutes while

BT3402 (tsr nuo cyo), BT3404 (tsr nuo cyd), BT3406 (tsr ndh cyo), and BT3408 (tsr ndh
cyd) had doubling times of 91, 87, 78 and 82 minutes, respectively.
One striking difference between the RP5882 (farj-derived strains and the UU1117
(aer)-derived strains was the optical density at which the cells reached stationary phase.
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Figure 3.3 Growth curves of the ETS mutants in HI minimal salts medium
containing 0.5% glycerol. A: semi-logarithmic graph while graph. B: linear graph
to highlight the stationary phase difference (see text).
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Like RP437 (wild type), the UU1117 (Wrj-derived strains reached stationary phase at an
OD600 of about 0.9 (Figure 3.3). The RP5882 (7sr)-derived strains, however, did not reach
stationary phase until an OD600 of about 1.4 (Figure 3.3). This finding was unexpected
and had not been previously reported. Subsequent studies, discussed below, indicated that
this phenomenon was not dependent on Tsr.

III.B.4. Optimizing the Method for in vivo H7e Determination
I determined the in vivo H7e ratio for each constructed strain. Upon oxygenation
of a fully reduced ETS, respiratory activity drives the translocation of protons into the
periplasm by the ETS proteins. The resulting acidification of the medium can be
measured with a pH electrode and the ratio of protons translocated per oxygen atom can
be calculated. Using a 3-ml closed chamber under a constant flow of argon, the H7e ratio
for each of the mutant strains was measured to investigate the effects of ETS component
mutations on the in vivo H7e ratio.
III.B.4.a. Reproduction of Published Findings
Skulachev and collaborators used a similar apparatus to measure the H7e ratio
generated by E. coli using DMSO and oxygen as electron acceptors (Bogachev et al.,
1996). I repeated their methodology and compared my H7e ratios to their published
ratios. For cells grown anaerobically with glycerol as the energy source and DMSO as
the electron acceptor, cells extruded 7.5 protons for every oxygen molecule injected into
the anaerobic chamber (Figure 3.4). The 7.5 protons divided by 4 (the number of
electrons accepted per 02 molecule) yielded an H7e ratio of 1.9, similar to the published
ratio of 2.2 H7e (Bogachev et al., 1996). Because Skulachev observed a rapid decay in
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Figure 3.4 Determination of H+/e ratio for E. coli RP437 (wild type). E. coli cells
grown anaerobically in HI minimal salts medium supplemented with 0.5%
glycerol, 60 mM DMSO, IjiM ammonium molybdate and 0.1% tryptone, were
harvested during early-log phase (OD600 0.3-0.5) and suspended in a buffer
containing 50 mM SCN (K+), and 10 mM glycerol, pH 6.5. A 1.5 ml aliquot of
the cell suspension was added to a 3-ml chamber (arrow A) and the chamber was
flushed with argon for 10 min as described in Materials and Methods. The pH
was adjusted to 6.5 by injecting argon-flushed 20 mM KOH (arrow B). The
change in external H+ concentration upon addition of 100 \x\ of aerated water
(arrow C) was used to calculate the H+/e‘ ratio. The pH was readjusted to 6.5 by
injecting argon-flushed 20 mM KOH (arrow D) and a standard curve of mV vs.
H+ concentration was created by serially injecting 10 pi aliquots of argon-flushed
5 mM HCL (arrow E). The H+/e ratio was determined to be 2.3 (see text).
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the extracellular H+ concentration after the initial proton translocation, he used the
Wikstrom and Penttila linear extrapolation method to predict an actual H+/e" ratio of 2.5
(Bogachev et al., 1996; Wikstrom and Penttila, 1982). Using the same linear
extrapolation method, my experiment yielded an H7e ratio of 2.3. This extrapolation
method was not required in subsequent experiments because the external H
concentration remained considerably more stable in the absence of DMSO (see below).
The significant electrode noise observed in Figure 3.4 was decreased significantly in later
experiments when the Faraday cage was electrically grounded (Figure 2.2).
III.BAb. Conditions to Optimize H+/e Ratios
Although the 2.3 H7e ratio determined above (Figure 3.4) is in accordance with
the published value of 2.5 (Bogachev et al., 1996), both ratios are well below the
theoretical maximum H7e~ ratio of 4 (Figure 3.1). This discrepancy is likely due to the
contribution of additional respiratory dehdyrogenaes that do not contribute to cellular
PMF and therefore, lower in vivo H7e ratios (discussed below). A variety of growth
conditions, energy sources and permeability treatments were tested to identify conditions
for measuring optimal H7e ratios.
III.BAb.i. Measuring H7e with valinomycin.
One of the techniques for maximizing H7e is to use the ionophore valinomycin.
Valinomycin exchanges K+ for FT, thereby minimizing the membrane potential (A1!1)
component of PMF and maximizing the ApH measured upon addition of oxygen. To be
effective, however, valinomycin must reach the inner cellular membrane, which requires
permeabilization of the outer membrane. I measured the H7e ratios of EDTA
permeabized BT3408 in the presence of valinomycin (Pavlasova and Harold, 1969) and
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found that the values were variable (1.8-2.7 H7e) and not significantly higher than the
values of untreated cells. Variable permeabilization levels were previously reported for
EDTA treatment (Lawford and Haddock, 1973; Poole and Haddock, 1975; Setty et al.,
1983).
III.BAb.ii. Measuring H7e with starved cells.
The H7e ratio may also be measured when the cells are starved of internal energy
stores before measuring H7e with valinomycin present (Lawford and Haddock, 1973;
Jones et al., 1975; Poole and Haddock, 1975). The authors suggest that the starvation
period may increase the cell’s permeability, allowing valinomycin access to the inner
membrane (Lawford and Haddock, 1973). I measured the H7e ratio of starved BT3408
cells in the presence of valinomycin and found that the ratios (2.5 H7e' starved) were not
significantly higher than the ratios for the unstarved cells (2.4 H7e unstarved). Whether
or not the cells were sufficiently starved and the valinomycin was able to enter the
periplasm, was not investigated. Skulachev suggested (personal communication) the use
of thiocyanate in the reaction buffer to dissipate the membrane potential, thereby
negating the need for valinomycin. Subsequent H7e measurements were made without
valinomycin, EDTA-permeablization or starvation.
III.B.4.b.iii. Effect of carbon sources.
The E. coli ETS is a branched pathway consisting of substrate-specific
dehydrogenases, a quinone pool and terminal reductases. By varying which
dehydrogenase, quinone and reductase are expressed, bacteria are able to tailor their ETS
components to accommodate electron donors and acceptors present in their environment.
There are several respiratory dehydrogenases that oxidize specific Krebs cycle
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intermediates and transfer the electrons directly to quinone, thereby bypassing the NADH
dehydrogenases (reviewed in Gennis and Stewart, 1996). Since these dehydrogenases
rarely translocate protons and NADH dehydrogenase 1 (nuo) is bypassed, the overall in
vivo H7e ratio would be significantly lower than the theoretical maximums discussed
previously (Figure 3.1). Using the Skulachev methodology that included thiocyanate, I
investigated the effect of energy source on the H7e ratio.
Using endogenous energy sources (Table 3.1), the H7e ratios in strains with
NDH-2 and cytochrome bd oxidase (BT3402, tsr nuo cyo) or with NDH-1 and
cytochrome bd oxidase (BT3406, tsr ndh cyo) were similar: 0.83 and 0.91 respectively.
The H7e ratios in the presence of cytochrome bo oxidase increased from 1.32 in the
presence of NDH-2 (BT3404, tsr nuo cyd) to 1.86 in the presence of NDH-1 (BT3408, tsr
ndh cyo). RP437 (wild type) had an H7e ratio of 1.99 (Table 3.1). These values were
considerably different from the theoretical H7e values, which are sums of the individual
H7e ratios of each ETS component being expressed (Figure 3.1). These in vivo data
suggest that the H7e ratio generated with endogenous energy sources was more
dependent on the terminal oxidase than the expressed NADH dehydrogenase. It is
possible that NDH-1 (nuo) is largely bypassed in these cells suggesting that the alternate
uncoupled dehydrogenases are contributing significantly to the overall electron flow.
These results are consistent with published aerobic in vivo results (Bogachev et
al., 1996; Jones et al., 1975; Lawford and Haddock, 1973; Poole and Haddock, 1975;
Setty et al., 1983; West and Mitchell, 1972; Meyer and Jones, 1973) (Table 3.2). In order
to accurately measure the H7e ratio of NDH-1 itself (H7e = 2), investigators utilized
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Table 3.1 Measured H+/e' ratios for various carbon sources1.

H+/e' Ratio2
Strain

Endogenous
Substrates

Succinate

Malate

Glycerol

BT3402
(tsr, nuo,cyo)

0.83

ND'

ND3

1.51

BT3404

1.32

ND3

ND3

2.88

BT3406
(tsr, ndh,cyo)

0.91

2.2

1.4

1.97

BT3408
(tsr, ndh,cyd)

1.86

2.8

2.0

3.04

RP437
(wild type)

1.99

ND3

ND3

2.06

(tsr ,nuo ,cyd)

1 E. coli cells were harvested at early log phase (OD600 0.35-0.5) and suspended
in a reaction buffer containing 50 mM KSCN without an added carbon source or
with the addition of 10 mM succinate, malate or glycerol as specified.
2 The H+/e~ ratio was measured as described in the text.
3 ND: Not Determined
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Table 3.2 Comparison of published H+/e' ratios.

i

Phenotype

Energy
Source

Published
Value

Converted
to H+/e

Source

Wild-type

Endogenous

2-6 HVO1

1-3 H+/e-

Meyer and Jones, 1973

Wild-type

Endogenous

4.0 H+/0 i

2 H+/e-

Jones et al, 1975

Wild-type

Endogenous

3.10 HVO1

1.5 H+/e-

Poole and Haddock,
1973

Wild-type

Endogenous

3.2 HVO1

1.6 H+/e"

Setty et al, 1983

Wild-type

Succinate

2.21 H-701

1.1 H+/e"

Poole and Haddock,
1973

Wild-type

Succinate

3.69 HVO1

1.9 H+/e-

Rice and Hempfling,
1978

Wild-type

Malate

3.78 HVO1

1.9 H+/e-

Lawford and Haddock,
1973

Wild-type

Malate

3.58 H+ZO1

1.8 H+/e-

Poole and Haddock,
1973

Wild-type

Glycerol

2.36 H+/0 i

1.2 H+/e-

Lawford and Haddock,
1973

Wild-type

Glycerol

2.21 H+/Q1

1.1 H+/e-

Poole and Haddock,
1973

Wild-type

Glycerol2

2.5 H+/e-

2.5 H+/e-

Bogachev et al, 1996

Acyo

Glycerol2

2.5 H+/e-

2.5 H+/e-

Bogachev et al, 1996

nuoL

Glycerol2

1.0 H+/e-

1.0 H+/e-

Bogachev et al, 1996

Published values for H+/0 ratios were converted to H+/e' by division by 2.

2 Strains grown anaerobically.
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reconstituted systems, which cannot be used for aerotaxis studies because they do not
allow behavioral assays.
H+/e' ratios were higher in the presence of an exogenous energy source, notably
for succinate and glycerol (Table 3.1). Increased activity of NADH dehydrogenase 1
(NDH-1) could contribute to the H7e ratio increase with exogenous substrate.
Anomalous H7e ratios were obtained for BT3402 and BT3404 when glycerol was
present (Table 3.1). If proton pumping by NDH-1 (nuo) was not entirely eliminated in the
NuoF mutant, it could account for an H7e ratio higher than the theoretical maximum.
This seems unlikely since Falk-Krzesinski and Wolfe reported no NDH-1 activity in this
NuoF mutant (Falk-Krzesinski and Wolfe, 1998). Additional experiments are planned to
rule out this possibility. It may also be possible that one of the poorly characterized, yet
possibly proton translocating, ETS components may contribute to this result (Figure 1.3).
Interestingly, the H7e ratios measured for the isogenic wild-type strain (RP437)
did not vary significantly between the endogenous values and the values obtained with
glycerol added to the buffer (Table 3.1). The RP437 H7e ratios were also consistent with
published values (Table 3.2). I chose to use glycerol in subsequent experiments because it
produced the highest measured H7e ratios and semi-solid plate analysis showed that both
Aer and Tsr could mediate taxis to glycerol (Figure 3.12).

III.B.5. Determination of H7e Ratio
Using the methodology established above, I measured the in vivo H7e ratios for
both series of strains (the UU1117 (aerj-derived strains and the RP5882 (tarj-derived
strains) using glycerol as the energy source (Figure 3.5). Comparisons between H7e
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Figure 3.5 H+/e ratios for E. coli cells with glycerol as the energy source (n > 6).
H+/e ratio was calculated from the change in pH of an anaerobic culture upon
injection of a pulse of aerated water as described in the text. A: RP5882 (tsr)derived strains expressing Aer. B: UU1117 (aer)-derived strains expressing Tsr.
Error bars indicate the standard deviation from the mean. A graph showing raw
data for samples BT3401 and BT3407 is shown in Figure 2.2.
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ratios were made with a two-tailed homoscedastic t test and p values < 0.05 were
considered significant, as outlined in Materials and Methods.
The significant difference in H+/e ratio between strains expressing cytochrome bo
oxidase vs. strains expressing cytochrome bd oxidase, was consistent in both strain series.
As seen in Figure 3.5.A, BT3402 (Aer+, Ndh+, Cyd+) had an H7e ratio of 1.5, which was
significantly lower (p=0.00003) than the 2.9 H7e ratio of BT3404 (Aer+, Ndh+, Cyo+).
Similarly, the 2.0 H7e' ratio of BT3406 (Aer+, Nuo+, Cyd+) was significantly lower
(/?=0.002) than 3.0 H7e ratio of BT3408 (Aer+, Nuo+, Cyo+) (Figure 3.5.A). Similarly,
the 1.5 H7e' ratio of BT3401 (Tsr+, Ndh+, Cyd+) was significantly lower (p=0.002) than
the 2.3 H7e ratio of BT3403 (Tsr+, Ndh+, Cyo+); and the 1.8 H7e ratio of BT3405 (Tsr+,
Nuo+, Cyd+) was significantly lower (p=.0000007) than the 3.0 H7e ratio of BT3407
(Tsr+, Nuo+, Cyo+) (Figure 3.5.B). These findings are consistent with published data that
cytochrome bo oxidase translocates 2 H7e while cytochrome bd oxidase only
translocates 1 H7e\
As observed with the endogenous substrates, the dependence of the H7e ratio on
NDH-1 was less pronounced than the influence of the terminal oxidases. While the H7e
ratio was consistently higher with NDH-1 present, the difference was much smaller than
the 2 H7e that NDH-1 translocates (Dupuis et al., 1998; Galkin et al., 1999; Wikstrom,
1984). These results also suggest a reduced contribution of NDH-1 to total in vivo H7e ,
which is consistent with my previous experiments (Table 3.1) and published aerobic in
vivo results (Table 3.2).
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In summary, the measured in vivo H7e ratio differs significantly depending on
the cytochrome oxidase and, to a lesser degree, the NADH dehydrogenase being
expressed.

III.C. Correlation of PMF and Respiration with Aerotaxis
Correlation between measured bioenergetic parameters in E. coli and the
magnitude of behavioral responses to oxygen was expected to differentiate between
proposed signal transduction mechanisms. The above results reported my construction of
two ETS mutant strain series, one expressing Aer and one expressing Tsr. Proton motive
force (PMF) has been suggested as a possible signal for Tsr-mediated aerotaxis
(Rebbapragada et al., 1997; Zhulin et al., 1997a). Respiration rate was measured as a
determinant of overall electron flow, which has been suggested as a possible signal for
Aer-mediated aerotaxis (Bibikov et al., 1997; Rebbapragada et al., 1997; Zhulin et al.,
1997a). In these experiments we examined correlations between energetic parameters
(PMF, respiration and in vivo H7e) and Aer-mediated or Tsr-mediated behavioral
responses.

III.C. 1. Proton Motive Force Analysis
PMF has both a chemical component (ApH) and an electrical component (A'P)
(Gennis and Stewart, 1996; Harold and Maloney, 1996). We measured PMF when the
pH of the external medium was the same as the cytosolic pH (pH 7.6) (Slonczewski et al.,
1981), ApH was then zero and the entire PMF was in the form of membrane potential
(AW). The AW was quantified in E. coli strains by measuring the distribution of
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tetraphenylphosphonium (TPP*) across the inner membrane. Because of it’s lipophilic
nature, TPP^ is able to freely cross the inner membrane in response to the changing
electrical environment. When protons are translocated from the cytosol into the
periplasm, PMF increases and TPP^ accumulates inside the cell due to the negatively
charged cytosol. As described in Materials and Methods, I used a temperature-regulated
chamber equipped with a TPP+-specific electrode to measure the A'P of strains from both
series [the RP5882 (fsrj-derived series and the UU1117 (aer)-derived series] and
correlated A1!* with the H+/e ratio.
Figure 2.3 shows data from a representative experiment in which the AW of
BT3404 (tsr nuo cyd) was measured. Using this data and the methods outlined
previously, the anaerobic basal AW was determined to be 73.1 mV (Figure 2.3 arrow C),
which increased to 128.3 mV when oxygen was introduced to the chamber (Figure 2.3
arrow D). This yielded a 55.2 mV oxygen-mediated increase in AW. Similarly, the second
basal anaerobic AW was 58.2 mV (Figure 2.3 arrow F) and upon oxygenation reached a
AW of 121 mV, yielding an increase of 62.8 mV.
The magnitude of the oxygen-mediated increase in membrane potential was
determined for all of the ETS mutants (as described above for BT3404). The average
membrane potential increase and standard deviation for the RP5882-derived strains is
shown in Figure 3.6.A and the UU1117-derived strain data is shown in Figure 3.6.B.
Comparisons between oxygen-mediated membrane potential increases were made with a
two-tailed homoscedastic t test and p values < 0.05 were considered significant, as
outlined in Materials and Methods.
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Figure 3.6 Oxygen-mediated change in
upon aeration of E. coli strains. The
change in A1!7 on aeration was determined for each strain as described in the text
(n > 6). Pmf was calculated with the Nearnst equation using membrane potential
measured with a TPP^ electrode as described in the text. A: RP5882 (tor)-derived
strains that express the Aer protein. B: UU1117 (aerj-derived strains that express
Tsr. Error bars indicate the standard deviation from the mean. A graph showing
the raw data for a BT3404 sample is shown in Figure 2.3.
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The oxygen-mediated change in membrane potential for cyd strains (expressing
cytochrome bo oxidase), was an average of 22 mV higher than that of the corresponding
cyo strains, expressing cytochrome bd oxidase. BT3402 (tsr nuo cyo) had a 27.8 mV
oxygen-mediated change in membrane potential, which was significantly lower
(/?=0.0003) than the 55.3 mV change for BT3404 {tsr nuo cyd) (Figure 3.6.A). BT3406
(tsr ndh cyo) had a 39.9 mV change in membrane potential, which was also significantly
lower (/?=0.0009) than the 62.3 mV change for BT3408 (tsr ndh cyd) (Figure 3.6.A). The
UU1117-derived strains gave similar results with the 23.2 mV change for BT3401 (aer
nuo cyo) being significantly lower (/?=0.0003) than the 42.9 mV change for BT3403 (aer
nuo cyd)\ and the 30.6 mV change for BT3405 (aer ndh cyo) was significantly lower
(/?=0.01) than the 48 mV change for BT3407 (aer ndh cyd) (Figure 3.6.B).
The influence of NADH dehydrogenase 1 (NDH-1), expressed by nuo, on the
oxygen-mediated change in membrane potential was less pronounced than the influence
of cytochrome bo oxidase, as expected based on the observed FT7e ratios (Figure 3.5).
Although the oxygen-mediated change in membrane potential was consistently higher
with NDH-1 present, the increase was only an average of 8 mV higher for ndh strains
expressing NDH-1 compared with nuo strains expressing NDH-2. While BT3402 (tsr nuo
cyo) had a 27.8 mV oxygen-mediated change in membrane potential, which was
significantly lower (p=0.01) than the 39.9 mV change for BT3406 (tsr ndh cyo), the 55.3
mV change for BT3404 (tsr nuo cyd) was not significantly different (p=0.4) from the
62.3 mV change for BT3408 (tsr ndh cyd) (Figure 3.6.A). BT3401 (aer nuo cyo) had a
23.2 mV aerobic change in membrane potential, which was not significantly different
(/?=0.2) from the 30.6 mV change for BT3405 (aer ndh cyo)', and the 42.9 mV change for
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BT3403 (aer nuo cyd) was not significantly different (p=0.4) from the 48 mV change for
BT3407 (aer ndh cyd) (Figure 3.6.B).
To summarize the membrane potential results, the rise in membrane potential
upon addition of oxygen to anaerobic cells was largely dependent on the cytochrome
oxidase expressed and, to a lesser degree, the NADH dehydrogenase that was expressed.
The changes in membrane potential closely correlated with the measured H7e ratios
discussed above.

III.C.2. Respiration Analysis
In an aerobic environment, the cytochrome oxidases of the ETS are responsible
for passing the electrons to the terminal electron acceptor, oxygen. Di-atomic oxygen
accepts 4 electrons, forming 2 molecules of water. In these experiments, the bacterial
consumption of oxygen is used as a measure of the respiratory activity of the bacterial
ETS.
The average respiration rates and standard deviations for the RP5882 (farj-derived
strains and the UU1117 (TzerJ-derived strains are shown in Figure 3.7.A and 3.7.B,
respectively. The respiration rate varied minimally between strains. The only
statistically significant difference in respiration rate was a difference between the
7.4x108 nmole 02/min/cell measured for BT3402 (tsr nuo cyo) and 6.4x108 nmole
02/min/cell measured for BT3404 (far nuo cyd) (Figure 3.7.A). Although the respiration
rate of BT3402 was significantly higher (p=0.0004) than the respiration rate of BT3404,
there was no significant difference between the corresponding Tsr-expressing strains.
BT3401 (aer nuo cyo) had a respiration rate of 7.0x108 nmole 02/min/cell and BT3403
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Figure 3.7 Average respiration rate of E. coli strains with 0.5% glycerol as the
carbon source (n > 6). The respiration rate was calculated by measuring the rate of
oxygen consumption cell1 min1 as described in the text. A: RP5882 (tarj-derived
strains expressing Aer. B: UU1117 (aerj-derived strains expressing Tsr. Error
bars indicate the standard deviation from the mean.

102

A
oo

C

o
x

8

o ==:d>
cd

6

o

*a a
C/3

(D o
o

£

I

T

I

A

^
2
BT3402

BT3404 BT3406

(tsr nuo cyo)

(tsr nuo cyd) (tsr ndh cyo)

BT3408

RP437

(tsr ndh cyd)

(wild type)

B
o
C
O

8

X

X

=3

6

U .s

4

cd
C/3

<D

^

CO
CO

?3

I

O

jo

o

£

2

c

BT3401
(aer nuo cyo)

BT3403

BT3405

(aer nuo cyd) (aer ndh cyo)

103

BT3407

RP437

(aer ndh cyd) (wild type)

(aer nuo cyd) had a respiration rate of 6.7x108 nmole 02/min/cell (p=0A) (Figure 3.7.B).
Overall, the respiration rate was surprisingly similar in strains that had different ETS
components expressed.
Interestingly, at a respiration rate of 6.0x108 nmole 02/min/cell, the chemotactic
wild type strain (RP437) had a consistently slower respiration rate than any of the mutant
strains (Figure 3.7). Statistically, this difference was significant for BT3401 (p=0.006),
BT3402 (p=0.0002), BT3403 0=0.04), BT3406 O=0.02) and BT3408 0=0-4), but not
for BT3404 0=0.1), BT3405 0=0.9) and BT3407 0=0.06). Although the differences are
small, the wild type ETS system in RP437 may be slightly more efficient in maintaining
the proton motive force.

III.C.3. Behavioral Analysis
As discussed in previous sections, two isogenic strain series (the RP5882-derived
series and the UU1117-derived series) differing in the ETS components expressed were
constructed. These strains had similar respiration rates but differed in their steady-state
PMF indicating a successful separation between PMF and electron flow. Therefore, it
was possible to examine potential relationships between each of these parameters and
Aer-mediated or Tsr-mediated aerotaxis behavioral responses. Swarm plate assays with
various energy sources, capillary assays and temporal aerotactic assays were performed
to compare the aerotaxis responses mediated by Aer and Tsr in these ETS mutant strains.
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III.C.3.a. Spatial Assays
IILC.S.a.i. Swarm plate assays.
Semi-solid agar can be used as a spatial assay for both chemotaxis and aerotaxis.
These assays depend on the bacterial consumption of metabolites to establish a gradient
of chemotactic substances. In a semi-solid agar plate, bacteria consume nutrients at the
inoculation site and swim outwards in response to the higher attractant concentration
(Adler, 1966; Berg and Brown, 1972; Brown and Berg, 1974; Berg and Tedesco, 1975;
Wolfe and Berg, 1989). As the bacteria swim through the agar, responding to the
expanding chemical gradient, they form visible, dense rings of bacterial cells
chemotaxing to specific molecules. These rings continue to move outwards over time and
can be viewed with the naked eye.
III.C.3.a.i.«) Tryptone swarm plates
In a tryptone semi-solid plate, wild type bacterial cultures form two dense rings
(Adler, 1966). The outer, serine-sensing ring is dependent on the Tsr receptor and the
inner, aspartate-sensing ring is dependent on the Tar receptor (Adler, 1966; Hedblom and
Adler, 1980; Hedblom and Adler, 1983; Mesibov and Adler, 1972). Therefore, Tsr
mutants retain the inner aspartate ring but lack the outer serine ring, while Aer mutants
retain both rings.
In accordance with published findings (Adler, 1966; Bibikov et al., 2004;
Hedblom and Adler, 1980), RP437 (wild type) and UU1117 (aer) formed large swarms
with two distinct rings (Figure 3.8) while RP5882 (tsr) and BT3312 (aer tsr) formed
smaller swarms with only the aspartate ring (Figure 3.9). All of the aer-deficient,
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Figure 3.8 Behavior of the UU1117 (aer)-(\en\e& E. coli strains on tryptone
swarm plates containing 0.28% agar (see Materials and Methods). The swarms
were viewed after a 12 -hour incubation from above with a light box providing
indirect light and from the side with a video camera, as described in the text.
Smaller swarms (BT3403 and BT3407) were allowed to continue growing for an
additional 8 hours to better observe their shape.
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Figure 3.9 Behavior of the RP5882 (farj-derived E. coli strains on tryptone
swarm plates containing 0.28% agar (see Materials and Methods). The swarms
were viewed after a 12-hour incubation from above with a light box providing
indirect light and from the side with a video camera, as described in the text.
Smaller swarms were allowed to continue growing for an additional 8 hours to
better observe their shape.
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UU1117-derived strains (BT3401, BT3403, BT3405 and BT3407) displayed both rings
on tryptone swarm plates (Figure 3.8). Likewise, all of the far-deficient, RP5882-derived
strains (BT3402, BT3404, BT3406 and BT3408) retained only the inner, aspartate ring
(Figure 3.9).
Although the aspartate ring was present in all of the strains, the ring intensity
varied significantly between the strains according to the presence of NDH-1 (nuo+).
BT3401 (aer nuo cyo), BT3402 (far nuo cyo), BT3403 (aer nuo cyd) and BT3404 (far
nuo cyd) presented a lighter, more diffuse aspartate band than the aspartate band present
in the BT3405 (aer ndh cyo), BT3406 (far ndh cyo), BT3407 (aer ndh cyd), BT3408 (far
ndh cyd), UU1117 (aer), RP5882 (far), BT3312 (aer tsr) and RP437 (wild type) swarms
(Figure 3.8 and 3.9). For these strains, dense aspartate bands coincide with the presence
of NDH-1 (nuo+). Although the mechanism for this defect has not been identified, this
result is in accordance with the nuo phenotypes described previously (Falk-Krzesinski
and Wolfe, 1998).
The 3-dimensional shape of the tryptone bacterial swarms also varied
significantly between the ETS mutant strains. Strains lacking cytochrome bd oxidase
formed colonies that did not swarm to the bottom of the plate where oxygen levels would
be lowest. RP437 (wild type) and UU1117 (aer) formed wide dome-shaped swarms with
the walls of the dome extending to the bottom of the plate (Figure 3.8). RP5882 (far) and
BT3312 (aer tsr) form smaller, stopper-shaped swarms that extend to the bottom of the
plate (Figure 3.9). Likewise, BT3401 (far nuo cyo) and BT3405 (far ndh cyo) formed
dome-shaped swarms, similar to the RP437 (wild type) and UU1117 (aer) swarms, and
the walls of the dome reached the bottom of the plate (Figure 3.8). BT3403 (far nuo cyd)
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and BT3407 (tsr ndh cyd), on the other hand, formed golf tee-shaped swarms with the
majority of growth at the top of the plate and the swarms did not reach the bottom of the
plate (Figure 3.8).
The Tsr-expressing strains formed swarms similar to the Aer-expressing swarms.
The BT3402 {aer nuo cyo) and BT3406 {aer ndh cyo) swarms extended to the bottom of
the plate while the BT3404 {aer nuo cyd) and BT3408 {aer ndh cyd) swarms remained at
the top of the plate (Figure 3.9). These results suggest that cytochrome bd oxidase is
required to mediate swarming at the bottom (most anaerobic) section of a tryptone swarm
plate. Two factors may play a role in this phenotype: i) cytochrome bd oxidase has a
considerably higher affinity for oxygen than cytochrome bo oxidase {Kd of 0.2 pM for
Cyd and about 2 pM for Cyo) (Anraku and Gennis, 1987; Gennis and Stewart, 1996;
Rice and Hempfling, 1978), and ii) cytochrome bo oxidase expression is suppressed in an
anaerobic environment (Cotter et al., 1990; Cotter and Gunsalus, ; Fu et al., 1991; luchi et
al., 1990; Salmon et al., 2003; Tseng et al., 1996) while cytochrome bd oxidase is
expressed at a wider range of oxygen concentrations, reaching a maximum expression at
microaerobic oxygen levels (luchi et al., 1990; Cotter and Gunsalus, 1992; Govantes et
al., 2000; Cotter et al., 1997). At this time, it is not known whether cyotochrome bo
oxidase is unable to mediate swarming at low oxygen concentrations, or cytochrome bo
levels are insufficient to mediate swarming.
In summary, Tsr mutants lacked the outer serine ring. Strains lacking NDH-1
displayed a reduced aspartate ring. Strains lacking cytochrome bd oxidase failed to
mediate swarming at the bottom of the plate.
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Ill.C.S.a.i.Z?) Succinate swarm plates
Succinate is a C4-dicarboxylate intermediate in the Krebs cycle and is readily
used as a carbon and energy source by E. coli. Succinate dehydrogenase oxidizes
succinate to fumarate and delivers electrons directly to quinone in the ETS, thereby
bypassing the NADH dehydrogenases (reviewed in Gennis and Stewart, 1996; Ingledew
and Poole, 1984). Succinate dehydrogenase does not translocate protons and therefore,
does not contribute to cellular PMF (Hederstedt and Ohnishi, 1992). However,
metabolism of succinate via the Krebs cycle can also produce NADH.
Swarming on succinate plates has been used as an assay for Aer activity since Aer
mediates the formation of dome-shaped swarms on succinate swarm plates (Bibikov et
al., 1997). Cells at the bottom of the swarm move out furthest, giving the appearance of a
ring when viewed from the above. A mutation in Aer alone completely inhibits swarming
on succinate plates indicating that the combination of other MCPs is not able to mediate
chemotaxis to succinate (Bibikov et al., 1997; Bibikov et al., 2000; Repik et al., 2000; Ma
et al., 2004). The mechanism of this assay may involve aerotaxis, energy taxis to
succinate, or both.
As shown in Figure 3.10, RP437 (wild type) formed the same dome-shaped
swarm characteristic of Aer-mediated succinate taxis reported previously (Bibikov et al.,
1997). There was a dense disk of growth at the plate surface (0.8 cm diameter) and a
defined ring (1cm diameter). RP5882 {tsr) formed a slightly wider swarm; the surface
growth was 0.7 cm in diameter and the ring was 1.3 cm in diameter. As expected,
UU1117 {aer) was unable to mediate succinate taxis and formed a fuzzy vertical tube at
the inoculation site (Figure 3.10) as previously described (Bibikov et al., 1997).
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Figure 3.10 Behavior of E. coli strains incubated for 24 hours at 30°C on HI
minimal salts swarm plates containing 15 mM sodium succinate (see Materials
and Methods). The swarms were viewed from the top with a light box providing
indirect light and from the side with a video camera, as described in the text.
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None of the UU1117 (aer)-derived strains were able to mediate taxis to succinate.
BT3401 (aer nuo cyo), BT3403 (aer nuo cyd), BT3405 (aer ndh cyo) and BT3407 (aer
ndh cyd) formed small, undefined vertical cylinders (less than 5 mm in diameter) at the
inoculation site with no outward growth and no ring (Figure 3.10). Allthough these
strains were non-chemotactic to succinate, all strains exhibited a normal random-walk
pattern of motility upon inspection at 800x magnification. Since these strains expressed
all MCPs, except Aer, these results are consistent with earlier results indicating that
succinate sensing is Aer-specific (Bibikov et al., 1997; Bibikov et al., 2000). These
results are inconsistent with succinate taxis being driven by PMF since two of these
strains, BT3403 (aer nuo cyd) and BT3407 (aer ndh cyd) generated a change in PMF that
was equivalent to wild type levels (Figure 3.6).
The RP5882 (ter)-derived strains exhibited varying levels of swarming on
succinate plates. As shown in Figure 3.10, BT3402 (tsr nuo cyo) and BT3404 (tsr nuo
cyd) formed small, undefined, vertical cylinders (less than 4 mm in diameter) at the
inoculation site with no ring formation and visual inspection at 800x magnification
showed that the strains were motile. The strains expressing NDH-1 (nuo+), on the other
hand, formed succinate-dependent swarms with slightly differing shapes according to
which terminal oxidase was present. BT3406 (tsr ndh cyo), expressing Aer, NDH-1 and
Cyd, formed a dome-shaped swarm with a disk of dense growth at the plate surface (1 cm
diameter) and a defined ring (1.6 cm diameter). BT3408 (tsr ndh cyd), expressing Aer,
NDH-1 and Cyo, formed a similarly shaped colony except that the walls of the colony
were steeper making the swarm more vertical than the BT3406 (tsr ndh cyo) swarm. The
disk of dense growth at the surface of the BT3408 (tsr ndh cyd) colony was also 1 cm in
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diameter but the ring formed by the walls of the swarm was only 1.3 cm in diameter
(Figure 3.10).
In review of the succinate semi-solid plate results, the UU1117 (aer)-derived
strains, Tsr-expressing, were unable to mediate taxis to succinate, while the RP5882 (tsr)derived strains, Aer-expressing, were able to mediate succinate taxis when NDH-1 (nuo+)
was expressed.
III.C.3.a.i.c) Glucose swarm plates
In the presence of glucose, the transport and metabolism of many other energy
sources is inhibited in a process known as catabolite repression (reviewed in Saier et al.,
1996). Bacterial cells utilize glucose preferentially when multiple carbon sources are in
the environment (Tyler and Magasanik, 1970; Pastan and Adhya, 1976; Reizer et al.,
1989a; Reizer et al., 1989b). This process is orchestrated by glucose transport via the
phosphotransferase system (PTS). The increased glucose transport into the cell results in
decreased phosphorylation of PTS enzyme III. Unphosphorylated enzyme III deactivates
adenylate cyclase and the intracellular cAMP levels drop. The reduced cAMP levels
result in the down regulation of a number of metabolic genes (Botsford and Harman,
1992; Kolb et al., 1993; Pastan and Adhya, 1976). In addition to entering glycolysis.
glucose can contribute electrons directly into the ETS via glucose dehydrogenase (Figure
1.3) (reviewed in Gennis and Stewart, 1996; Ingledew and Poole, 1984).
As shown in Figure 3.11, RP437 (wild type) formed a small, but interestingly
shaped swarm on a glucose plate similar to published reports (Greer-Phillips et al., 2004).
At the center of the swarm (around the inoculation site) there was a thick column of
growth whose diameter increased slightly at the surface of the plate. Around this column
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Figure 3.11 Behavior of E. coli strains incubated for 24 hours at 30°C on HI
minimal salts swarm plates containing 15 mM glucose (see Materials and
Methods). The swarms were viewed from the top with a light box providing
indirect light and from the side with a video camera, as described in the text.
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was an upside-down cup shaped swarm with defined edges. When viewed from above,
the center column appeared undefined but the walls of the swarm formed a clear ring at
the bottom of the plate (0.9 cm in diameter). The RP5882 {tsr) swarm appeared very
similar to the RP437 (wild type) swarm, with a ring diameter of 1.1 cm (Figure 3.11).
The UU1117 (aer) swarm, however, lacked the outer ring observed for RP437 (wild
type) and RP5882 (tsr) (Figure 3.11). Interestingly, the BT3312 (aer tsr) swarm retained
the same column of growth as RP437 (wild type) and there was some growth around the
column. This outlying growth, however, lacked the defined ring present in RP437 (wild
type) and RP5882 (tsr) suggesting that chemotaxis to glucose had been severely impaired
in the Aer/Tsr double mutant (Figure 3.11), which was consistent with published reports
(Greer-Phillips et al., 2004).
The UU1117 (aer)-derived strains were unable to chemotax to glucose. BT3401
(aer nuo cyo), BT3403 (aer nuo cyd), BT3405 (aer ndh cyo) and BT3407 (aer ndh cyd)
formed undefined non-chemotactic vertical columns with a diameter less than 1 cm
(Figure 3.11). No rings were visible with these UU1117 (aerj-derived strains indicating
that they may not be chemotactic to glucose. This lack of chemotactic ability to glucose is
tempered by the observation that these strains exhibited reduced motility and were
sluggish and tumbly upon observation at 800x magnification.
Glucose taxis in the RP5882 (for)-derived strains was dependant on which ETS
components were being expressed; strains expressing NDH-1 (nuo+) were able to mediate
taxis on glucose plates. BT3402 (tsr nuo cyo) formed an undefined non-chemotactic
column (1 cm diameter) surrounded by a faint halo of bacterial growth (Figure 3.11).
Likewise, the BT3404 (tsr nuo cyd) swarm formed a slightly larger column (1.1 cm in
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diameter) and there was a similar halo of bacterial growth around the column (Figure
3.11). The BT3402 (tsr nuo cyo) and BT3404 (tsr nuo cyd) swarms lacked any defined
border and did not have visible rings (Figure 3.11) but did retain motility when viewed at
800x magnification. The strains expressing NDF1-1 (nuo+), on the other hand, formed
large chemotactic colonies on the glucose plates. As can be seen in Figure 3.11, BT3406
(tsr ndh cyo) and BT3408 (tsr ndh cyd) formed large plateau-shaped colonies around
dense inner areas of thick bacterial growth. Unlike BT3402 (tsr nuo cyo) and BT3404 (tsr
nuo cyd), the inner area of the BT3406 (tsr ndh cyo) and BT3408 (tsr ndh cyd) swarms
was well defined and shaped more like a funnel than a column (Figure 3.11). When
BT3406 (tsr ndh cyo) was viewed from above, the dense funnel-shaped inner growth
appeared as an opaque disk forming a clear ring that was 1.2 cm in diameter. Two
additional rings were formed by the top and bottom of the plateau walls with diameters of
1.7 cm and 2.6 cm, respectively (Figure 3.11). The BT3408 (tsr ndh cyd) swarm was
shaped similarly except that the walls of the plateau were slightly steeper. The first ring,
formed by the dense funnel-shaped inner growth, was 1.1 cm in diameter, the second ring
formed by the top of the plateau walls was 1.6 cm in diameter and the third ring formed
by the bottom of the plateau walls was 2.4 cm in diameter (Figure 3.11).
In order to be sure that the glucose swarm plate results were not impacted by
catabolite repression, I repeated the assays with 5 mM cAMP added to the glucose semi
solid swarm media. The resultant swarms were identical with and without cAMP
suggesting that the swarm results were not affected by catablolite repression.
In summary of the glucose semi-solid plate results, strains derived from UU1117
(aer), expressing Tsr, were unable to mediate glucose taxis while strains derived from
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RP5882 (tsr), expressing Aer, were able to mediate glucose taxis when NDH-1 (nuo+)
was present.

III.C.3.a.i.<i) Glycerol swarm plates
In E. coli, glycerol is phosphorylated by glycerokinase to glycerol 3-phosphate.
Glycerol 3-phosphate is subsequently converted to dihydroxyacetone phosphate by one of
two glycerol 3-phosphate dehydrogenases, both of which couple the reaction to the
reduction of quinone (reviewed in Gennis and Stewart, 1996). Dihydroxyacetone
phosphate is converted to either glyceraldehyde-3-P or fructose-1,6 bisphosphate either
of which can enter the glycolyic pathway.
Glycerol taxis in E. coli forms dome-shaped swarms with a shape similar to the
succinate-mediated swarms (Greer-Phillips et al., 2004; Zhulin et al., 1997a). The
bacterial cells at the bottom of the plate move outward more quickly than the cells at the
top of the plate. This relative movement forms the characteristic glycerol-tactic ring when
viewed from above (Zhulin et al., 1997a). Glycerol-mediated swarming is absent in
strains lacking all of the chemoreceptors (Greer-Phillips et al., 2004).
As shown in Figure 3.12, RP437 (wild type) formed a characteristic dome-shaped
swarm on glycerol containing plates similar to published reports (Zhulin et al., 1997a;
Greer-Phillips et al., 2004). The disk of growth at the surface of the plate had a diameter
of 0.5 cm and the ring formed by the swarm walls had a diameter of 1.1 cm. UU1117
{aer) formed a similarly shaped swarm; the disk had a diameter of 0.8 cm and the ring
had a diameter of 1.1 cm. The RP5882 {tsr) glycerol swarm had a slightly different shape.
While the dense disk of growth at the surface of the RP5882 swarm was similar to the
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Figure 3.12 Behavior of E. coli strains incubated for 24 hours at 30°C on HI
minimal salts swarm plates containing 15 mM glycerol (see Materials and
Methods). The swarms were viewed from the top with a light box providing
indirect light and from the side with a video camera, as described in the text.
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rings formed by the walls of the swarm (1.2 cm diameter and 1.8 cm diameter). The
inner ring was at the surface of the plate and was lighter than the dense outer ring at the
bottom of the plate.
The UU1117 (aer)-derived strains varied in their ability to mediate chemotaxis to
glycerol. BT3401 (aer nuo cyo) and BT3405 {aer ndh cyo) formed non-chemotactic
undefined vertical cylinders less then 0.5 cm in diameter at the inoculation site without a
visible ring (Figure 3.12). These strains did, however, exhibit random motility when
viewed at 800x magnification. BT3403 {aer nuo cyd), on the other hand, formed a dome
shaped swarm similar to the wild type swarm. The swarm had a dense disk of growth at
the surface of the plate with a diameter of 0.3 cm and the dome-shaped colony formed a
clear ring with a diameter of 1 cm (Figure 3.12). Similarly, BT3407 (aer ndh cyd) formed
a larger dome-shaped swarm. The disk at the surface of the plate was 0.7 cm
in diameter and the ring had a diameter of 1.2 cm (Figure 3.12). Interestingly, BT3403
(aer nuo cyd) and BT3407 (aer ndh cyd) also demonstrate the highest H7e ratio (Figure
3.5.B) and the largest aerobic change in PMF (Figure 3.6.B). Hence, glycerol-mediated
swarming in the UU1117 (aerj-derived strain series is consistent with a PMF-sensing
model for the Tsr receptor.
As observed with succinate, the RP5882 (7sr)-derived strains exhibited varying
levels of swarming on glycerol plates. BT3402 (tsr nuo cyo) formed a small, undefined,
vertical cylinder (5 mm in diameter) at the inoculation site with no ring formation
(Figure. 3.12). BT3402 (tsr nuo cyo) was motile when viewed at 800x magnification.
BT3404 (tsr nuo cyd) formed a small swarm similar to the RP437 (wild type) swarm, but
the BT3404 (tsr nuo cyd) swarm had a less-defined disk of growth at the top of the plate
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(0.5 cm diameter) and the characteristic ring at the bottom of the plate (1 cm diameter).
The strains expressing NDH-1, on the other hand, formed very large swarms shaped
similarly to RP5882 (tsr). The BT3406 {tsr ndh cyo) swarm had a very dense disk of
growth (1.4 cm in diameter) at the surface of the plate. The walls of the swarm formed
both a clear inner ring (diameter of 1.9 cm) at the surface and a dense outer ring
(diameter of 3.2 cm) at the bottom of the plate (Figure 3.12). BT3408 {tsr ndh cyd)
formed a slightly smaller and steeper swarm than BT3406 (tsr ndh cyo). In BT3408 (tsr
ndh cyd), the surface disk of growth had a diameter of 1.2 cm, the inner ring had a
diameter of 1.7 cm and the outer ring had a diameter of 3 cm (Figure 3.12).
Interestingly, BT3312 (aer tsr) was able to mediate chemotaxis to glycerol even
though BT3401 (aer nuo cyo), BT3405 (aer ndh cyo) and BT3402 (tsr nuo cyo) were not.
Although the walls of the BT3312 (aer tsr) swarm were less defined than the walls of the
other strains tested, there was a dense disk of growth at the surface (0.9 cm in diameter)
and a ring at the bottom of the plate (1.3 cm in diameter), seen in Figure 3.12. The reason
for chemotactic activity in BT3312 (aer tsr) is unclear but likely is due to Tar-mediated
energy taxis. If all of the transducers are mutated, all glycerol taxis activity is eliminated
(Greer-Phillips et al., 2004).
To summarize the glycerol semi-solid plate results, glycerol taxis in the UU1117
(Tzerj-derived (Tsr-expressing) strains correlates with high PMF while glycerol taxis in
the RP5882 (Tsrj-derived (Aer-expressing) strains was optimal in the presence of NDH-1
(nuo+).
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III.C.3.a.ii. Capillary assay analysis.
The aerotaxis capillary assay depends on the natural respiratory activity of the
bacteria to establish an oxygen gradient inside of the capillary tube (Sherris et al., 1957;
Adler, 1966). The cells are loaded into the capillary and respiration forms an oxygen
gradient with the most aerobic environment being close to the air-liquid interface at the
meniscus. The cells aerotax in response to the established oxygen gradient and
accumulate in a band at their preferred oxygen concentration. This preferred oxygen
concentration is species-specific (Baracchini and Sherris, 1959; Johnson et al., 1997;
Wong et al., 1995). Wild type E. coli forms a sharp band at 5% oxygen while Tsr mutants
band closer to the meniscus (higher oxygen concentration) and Aer mutants form a more
diffuse band further from the meniscus (lower oxygen concentration) (Rebbapragada et
al., 1997).
The RP5882 (fsr)-derived strain series showed significant differences in band
formation depending on the ETS components expressed (Figure 3.13.A). Strain BT3402
{tsr nuo cyo) did not form a band in a capillary assay even though the strain did retain
motility. BT3404 {tsr nuo cyd) and BT3408 {tsr ndh cyd) formed strong bands at the
meniscus, which is characteristic of a Tsr mutant strain (Rebbapragada et al., 1997).
Strain BT3406 {tsr ndh cyo), on the other hand, formed an aerotactic band further from
the air/liquid interface than either the BT3404 (tsr nuo cyd) or BT3408 (tsr ndh cyd)
bands.
The UU1117 (aer)-derived strains also showed significant differences in
aerotactic band formation according to the ETS components being expressed (Figure
3.13.B). BT3403 (aer nuo cyd) and BT3407 (aer ndh cyd) formed aerotactic bands that
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Figure 3.13 Aerotaxis of the ETS mutant strains in a spatial oxygen gradient. The
cells were grown to OD600 of 0.5-0.6 in LB medium and loaded into capillary tubes
as described in the text. A:RP5882 (TsrJ-derived strains expressing Aer. B:
UU1117 (aerj-derived strains expressing Tsr.
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were further from the meniscus than the RP437 (wild type) aerotactic band. The BT3403
(aer nuo cyd) and BT3407 (aer ndh cyd) bands were also more diffuse on the side
furthest from the air-liquid interface than the RP437 (wild type) band. The BT3403 (aer
nuo cyd) and BT3407 (aer ndh cyd) bands are characteristic of an Aer mutant strain
(Rebbapragada et al., 1997). The remaining Aer mutant strains, BT3401 (aer nuo cyo)
and BT3405 (aer ndh cyo), were unable to mediate aerotactic band formation in capillary
tubes even though both bacterial cultures retained motility. BT3401 (aer nuo cyo) and
BT3405 (aer ndh cyo) formed large aggregates of bacteria visible inside the capillaries.
These aggregates were evenly distributed throughout the capillary and did not appear to
be affected by oxygen concentration. BT3401 (aer nuo cyo) and BT3405 (aer ndh cyo)
were also i) unable to mediate taxis on glycerol swarm plates (Figure 3.12), ii)
demonstrated the lowest H+/e (Figure 3.5.B), and iii) demonstrated the lowest aerobic
PMF (Figure 3.6.B).
III.C.3.b. Temporal Assay Analysis
All aerotaxis assays depend on the characteristic random walk swimming pattern
that is modulated to enable individual cells to move in a desirable direction by
suppressing tumbling and extending smooth swimming (see Introduction). The
previously described spatial assays required bacterial consumption of either nutrients
and/or oxygen to establish the gradient that influences the movement of individual cells.
The temporal aerotaxis assay, on the other hand, exposes the cells to a step change in
oxygen concentration while viewing their swimming response (Laszlo and Taylor, 1981).
A benefit of the temporal assay over spatial assays is the ability to quantify the intensity
of the response.
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To compare behavioral responses between the ETS mutant strains, I quantified the
aerotactic responses of the ETS mutant strains using temporal aerotaxis assays. The
length of the smooth response and the length of the tumble response were recorded and
Table 3.3 displays the average values for each strain tested.

Upon exposure to oxygen,

an anaerobic RP437 (wild type) culture showed a smooth response that lasted an average
of 59 seconds (Table 3.3). This result is consistent with previously published temporal
assay results (Shioi et al., 1987; Rebbapragada et al., 1997). The smooth response in the
Aer-expressing RP5882 (fsr)-derived strains varied significantly according to the ETS
components being expressed (Table 3.3). BT3402 (tsr nuo cyo) exhibited a statistically
significantly shorter (/?=0.000001) smooth response of 17 seconds in comparison to
RP437 (wild type) (Table 3.3). The 30-second BT3404 {tsr nuo cyd) smooth response
was also significantly shorter (/?=0.0001) compared with the RP437 (wild type) response
(Table 3.3). BT3406 {tsr ndh cyo) and BT3408 {tsr ndh cyd), however, exhibited smooth
responses (56 seconds and 57 seconds, respectively) that were
not significantly different from the wild type response (/?=0.6 and p=OJ, respectively)
(Table 3.3). It is interesting to note that the lengths of the BT3402 (tsr nuo cyo) and
BT3404 (tsr nuo cyd) smooth responses were significantly different from one another (p=
0.004) as well as being different from BT3406 (tsr ndh cyo) f/?=0.000009 for BT3402 vs
BT3406 and p=0.0007 for BT3404 vs BT3406) and BT3408 (tsr ndh cyd) (p=0.000001
for BT3402 vs BT3408 and p=0.0001 for BT3404 vs BT3408) (Table 3.3). The length of
the BT3406 (tsr ndh cyo) and BT3408 (tsr ndh cyd) responses, on the other hand, were
not significantly different from one another (/?=0.9) (Table 3.3). To summarize, the length
of the smooth response in the RP5882 (Tsr)-derived, Aer-expressing, strains increased as
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Table 3.3 Aerotactic behavioral responses of E. coli strains to a change in
oxygen concentration1.

Strain

Genotype

Tumbling
Response 2

Smooth
Response 3

RP437

wild type

31.2 ±7.2

59.2 ± 12.4

BT3401

(aer nuo cyo)

27.7 ± 10

16.3 ±2.4

BT3403

(aer nuo cyd)

27.7 ±6.1

52.7 ± 5.4

BT3405

(aer ndh cyo)

22.7 ± 5.2

32.8 ± 4.4

BT3407

(aer ndh cyd)

27.2 ± 14.2

58.3 ± 10.9

BT3402

(tsr nuo cyo)

35 ±4.3

17 ± 4.1

BT3404

(tsr nuo cyd)

19.8 ±9.2

29.8 ± 7.5

BT3406

(tsr ndh cyd)

20.8 ± 2.6

56.2 ± 10.9

BT3408

(tsr ndh cyo)

16.3 ±3.8

57.2 ± 8.5

i

The results shown are the mean and standard deviation in seconds,
calculated from two independent experiments with three replicates in each.
2 Time (in seconds) required for 50% of the bacteria to return to pre-stimulus
behavior after perfusion with nitrogen gas.
3 Time (in seconds) required for 50% of the bacteria to return to pre-stimulus
behavior upon exposure of an anaerobic culture to 21% oxygen.
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follows: BT3402 (tsr nuo cyo), BT3404 (Ysr nuo cyd), BT3406 (tsr ndh cyo) and BT3408
{tsr ndh cyd).
The UU1117 (aerj-derived strains also exhibited significant differences in the
length of their smooth responses according to the ETS components being expressed
(Table 3.3). The length of the smooth response for BT3401 {aer nuo cyo) was 16
seconds compared to the RP437 (wild type) response of 59 seconds (/?=0.000001)(Table
3.3). The BT3405 {aer ndh cyo) response of 33 seconds was also significantly shorter
(p=0.0002) than wild type (Table 3.3). This 33-second BT3405 (aer ndh cyo) response
was significantly longer (/?=0.00001) than the 16-second BT3401 (aer nuo cyo) response.
At 53 seconds, the BT3403 (aer nuo cyd) response was not significantly different (/?=0.2)
from the wild type response but was significantly longer than both the BT3401 (aer nuo
cyo) (p=0.00000003) and BT3405 (aer ndh cyo) (/?=0.00004) responses (Table 3.3). The
BT3407 (aer ndh cyd) response, 58 seconds, was not significantly different from either
BT3403 (aer nuo cyd) (p=0.3) or the wild type responses (p=0.9), but was significantly
longer than the BT3401(acr nuo cyo) (p=0.000003) and BT3405 (aer ndh cyo)
(p=0.0004) responses (Table 3.3). To summarize, the length of the smooth responses in
the UU1117 (aer)-derived, Tsr-expressing, strains increased as follows: BT3401 (aer nuo
cyo), BT3405 (aer ndh cyo), BT3403 (aer nuo cyd), BT3407 (aer ndh cyd).

III.C.4. Correlation Analysis
III.CAa. Correlation between H+/e, Respiration and PMF
We determined the pair-wise correlation between the H7e ratio (Figure 3.5) and
the mean aerobic change in PMF (Figure 3.6) and respiration (Figure 3.7) for each strain
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series [the RP5882 (ter)-derived series and the UU1117 (a<?r)-derived series]. There was
a correlation between each pair of energy parameters. The change in PMF on aeration of
anaerobic E. coli increased as the number of H+ translocated per electron (H+/e~)
increased (Figures 3.14.A, 3.15.A). Respiration decreased slightly as the efficiency of the
ETS (H+/e , change in PMF) increased (Figures 3.14.B, 3.14.C, 3.15.B and 3.15.C).
A positive correlation between the H+/e ratio and PMF appears to be contrary to
the theoretical relationship predicted by the thermodynamic equation: A/? = « AE / m,
where n is the number of electrons passing through a redox span, AE, and translocating m
protons against a PMF, A/?. This equation predicts an increase in cellular PMF when H7e~
ratio drops because the entire redox potential (AE) between NADH and 02 is used to
translocate fewer protons. This predicted thermodynamic relationship would only be
possible, however, if the rate of ETS activity increased dramatically to allow the in vivo
PMF to reach it’s calculated potential. In this study, the respiration increased slightly as
the H7e" ratio decreased, however, not enough to counter the loss in efficiency.
III.C.4.&. Correlation with Aerotactic Responses
We analyzed the relationships between the energy parameters measured here and
the duration of the smooth response for each strain series by plotting the smooth response
(Table 3.3) against the H7e ratio (Figure 3.5), PMF change (Figure 3.6) and the
respiration rate (Figure 3.7.A) to yield scatter plots (Figures 3.14.D-F, 3.15.D-F). The
Aer-mediated aerotactic response did not correlate with H7e ratio, PMF or respiration
rate (Figure 3.14.D-F). These results suggest that the Aer response is independent of H7e
ratio, PMF and the respiration rate.
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Figure 3.14 Correlation analysis between measured ETS parameters and temporal
responses for the RP5882 (7sr)-derived strains expressing Aer. A: correlation
between H7e ratio and PMF. B: correlation between H7e ratio and respiration
rate. C: correlation between PMF and respiration rate. D: correlation between
H7e ratio and temporal responses. E: correlation between PMF and temporal
responses. F: correlation between respiration rate and temporal responses.
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Figure 3.15 Correlation analysis between measured ETS parameters and temporal
responses for the UU1117 (aerj-derived strains expressing Tsr. A: correlation
between H7e ratio and PMF. B: correlation between H7e ratio and respiration
rate. C: correlation between PMF and respiration rate. D: correlation between
H7e ratio and temporal responses. E: correlation between PMF and temporal
responses. F: correlation between respiration rate and temporal responses.
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Unlike the Aer-mediated aerotaxis responses, the Tsr mediated responses of the
UU1117 (aerj-derived strains had a positive correlation with both H+/e' ratio and PMF
(Figure 3.15.D-E), which is consistent with a PMF sensing model for Tsr-mediated
aerotaxis.

III.D. Membrane Potential and Oxygen Concentration
The aerotactic response to oxygen is widespread in bacteria and the specific
oxygen concentration at which bacteria form a band is species-specific (Baracchini and
Sherris, 1959). It has been hypothesized that each species is attracted to the oxygen
concentration that provides a maximal energetic state or PMF (Beijerinck, 1893;
Baracchini and Sherris, 1959; Jennings and Crosby, 1901). The oxygen concentration that
provides maximal PMF also varies between species. A previous study in this laboratory
found that the PMF of Azospirillum brasilense is optimal at the same oxygen
concentration to which A. brasiliense is attracted and declines at higher and lower oxygen
concentrations (Zhulin et al., 1996). This raised the possibility that aerotaxis was the
result of an energy taxis that guided the bacteria to the environment that supported the
highest PMF. To test this hypothesis, I investigated the PMF generated by E. coli at a
range of oxygen concentrations to determine whether PMF is optimal at E. coli’s
preferred oxygen concentration of 5%.
To determine PMF, membrane potential (A'P) was measured using a TPP+
electrode as described above. The oxygen concentration was measured concurrently to
determine the AT1 as a function of oxygen concentration. Figure 3.16 shows the trace
from a representative experiment.
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Figure 3.16 Change in relative membrane potential as a function of oxygen
concentration. The membrane potential was measured with a TPF^-specific
electrode in a closed chamber at pH 7.6 as described in Materials and Methods.
Serial additions of 1 pi of 10 mM TPP+ to a final concentration of 4 pM were used
as a standard curve (arrow A). One ml of a MM3335 E. coli cell suspension was
added to the chamber (arrow B) and the perfusion gas changed from 21% oxygen
to nitrogen (arrow C). The oxygen concentration of the perfusion gas was slowly
increased (arrows D-F) and then decreased (arrow G).
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Initially, the chamber was standardized with 1 ^il aliquots of 10 mM TPP+ (Figure
3.16, arrow A). Although the voltage increased with TPP^, the y-axis has been inverted
to reflect a rise when cells were added and TPI^ was taken up (i.e. extracellular levels
dropped). Noise in the oxygen measurements was inescapable since turbulent bubbling
was necessary to counter the high respiration of the 1010 cells per ml. The addition of
cells lowered the steady state oxygen concentration to 15% (Figure 3.16, arrow B).
Switching the perfusing gas to nitrogen rapidly dropped the oxygen concentration to zero,
and the membrane potential to -94mV (Figure 3.16, arrow C).
When the oxygen concentration of the perfusion gas was increased to bring the
extracellular oxygen concentration to 0.5%, 1.5% and 5%, the relative membrane
potential increased to -119mV, -129mV and -153mV respectively (Figure 3.16, arrows
D, E and F). Oxygen levels exceeding 5% oxygen did not alter the relative membrane
potential. Likewise, as the oxygen concentration was slowly lowered, the membrane
potential did not drop until the oxygen concentration fell below 5% at which point the
membrane potential dropped as the oxygen concentration dropped (Figure 3.16, arrow
G). Thus, there is a PMF plateau and not a maximal PMF that declines at higher oxygen
concentrations. This indicates that E. coli aerotactic banding cannot be explained by
membrane potential alone, unlike aerotactic banding in A. brasilense (Zhulin et al.,
1996). This organism reaches a maximum membrane potential at 0.4% oxygen;
membrane potential decreases at higher or lower oxygen concentrations (Zhulin et al.,
1996).
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III.E. Role of Flavin Reductase in Aerotaxis
III.E.l. Introduction
The E. coli flavin reductase enzyme (Fre) catalyzes the transfer of electrons from
either NADH or NADPH to FAD, FMN or riboflavin (Fieschi et al., 1995; Spyrou et al.,
1991). Fre is responsible for nearly 80% of the flavin reductase activity in a wild-type E.
coli cell (Fontecave et al., 1994). However, the Km for Fre is 300 pM, much higher than
the normal NADH concentration of respiring cells (Niviere et al., 1999) leaving this
enzyme active only when NADH levels are abnormally high. Although Fre has been
implicated in the activity of several redox-mediated enzymes, the role of Fre in vivo has
remained elusive (Fontecave et al., 1987; Fontecave et al., 1989; Coves et al., 1993;
Fonseca and Escalante-Semerena, 2000; Puzon et al., 2002; Galan et al., 2000; Xun and
Sandvik, 2000).
Because of the FAD cofactor in Aer, collaborating investigators suggested a
possible role for Fre in Aer-mediated redox sensing (L. Xun, personal communication).
This hypothesis was bolstered by experiments showing that E. coli strains mutated in Fre
were unable to mediate taxis on succinate swarm plates (L. Xun, personal
communication), which is Aer-specific (Bibikov et al., 1997). Furthermore, aerotaxis
capillary assays showed that Fre mutants band at a lower oxygen concentration than their
wild type counterparts (M. A. Roser and M. S. Johnson, personal communication). Taken
together, these results support a possible relationship between Fre and Aer-mediated
aerotaxis. To better characterize this relationship, I conducted a further behavioral
analysis of the Fre mutant strains including swarm plate assays and temporal aerotaxis
assays.
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The background strains used for these experiments, AN387 (wild type) and ALN2
(fre), and the pTEF plasmid expressing Fre were kindly provided by Dr. Luying Xun,
Washington State University. Other investigators in this laboratory constructed Tsr
mutations in these strains to yield BT3398 (tsr) and BT3399 (fre tsr) strains, which are
isogenic to AN387 (wild type) (M. A. Roser, K. J. Watts and M. S. Johnson).

III.E.2. Swarm Plate Assays
III.E.2.«. Succinate Swarm Plates
In accordance with previous investigations, AN387 (wild type) formed a small
dome-shaped swarm with a defined ring on succinate swarm plates (Bibikov et al., 1997;
Repik et al., 2000; Bibikov et al., 2000) (Figure 3.17.A). Likewise, BT3398 (tsr) formed
a similar swarm with a defined ring (Fig 3.17.A), which was expected since succinate
swarming is Aer-specific (Bibikov et al., 1997). ALN2 (fre) and BT3399 (tsr fre) were
unable to swarm on succinate plates indicating a requirement for Fre in succinate
swarming (Figure 3.17.A). Transformation of BT3399 with pTEF (the Fre-containing
plasmid) restored succinate swarming in BT3399 (tsr fre) (Figure 3.17.A). These results
were consistent with previous findings (L. Xun, personal communication) and suggest a
role for Fre in Aer-mediated succinate swarming.
III.E.2./?. Glucose Swarm Plates
On glucose swarm plates, AN387 (wild type) formed a large swarm with two
defined rings (Figure 3.17.B). As observed for the BT3398 (tsr) swarm, mutation of Tsr
resulted in minimal changes to the swarm shape and the two rings remained (Figure
3.17.B). Likewise, Fre mutations did not have a significant effect on glucose swarming.
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Figure 3.17 Behavior of E. coli strains incubated for 24 hours at 30°C on HI
minimal salts swarm plates containing 0.28% agar and supplemented with either
15 mM sodium succinate (panel A), 15mM glucose (panel B), or 15 mM glycerol
(panel C). The top row of swarms from left to right are: AN387 (wild type) and
ALN2 (fre). The center swarm is BT3399 (fre tsr) and the bottom row swarms
from left to right are: BT3399 (fre tsr) transformed with pTEF (the plasmid
containing Fre) and BT3398 (tsr).
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ALN2 (fre) and BT3399 (fre tsr) formed swarms very similar to wild type cells (Figure
3.17.B). Therefore, it is not surprising that the transformation of pTEF (the Frecontaining plasmid) into BT3399 (fre tsr) did not have a significant effect on glucosemediated swarming (Figure 3.17.B). These results suggest that Aer-mediated swarming
on glucose is not dependant on Fre. It is interesting to note that earlier results suggest
Aer-mediated swarming to glucose may require the presence of NDH-1 (nuo+) (discussed
previously).
III.E.2.C. Glycerol Swarm Plates
In a glycerol swarm plate, AN387 (wild type) formed a large dome-shaped swarm
with a wide band at the surface of the plate and a narrower band at the bottom of the plate
(Figure. 3.17.C). Deleting Fre in this strain, ALN2 (fre), did not affect the swarm shape
or rings (Figure 3.17.C). When Tsr was deleted, however, the thick upper band was
diminished as shown for BT3398 (tsr) in Figure 3.17.C. Similarly, BT3399 (tsr fre) had a
diminished upper band on the glycerol plate (Figure 3.17.C). There was also a decrease in
the relative density of bacterial growth at the surface of the BT3399 (tsr fre) swarm
compared with the BT3398 (tsr) swarm (Figure 3.17.C). When pTEF (the Fre-containing
plasmid) was transformed into BT3399 (tsr fre), the density at the surface of the swarm
returned to the BT3398 (tsr) level suggesting that the reduction in surface growth on
glycerol plates may be related to the presence of Fre (Figure 3.17.C). The surface growth
density did not change with the tsr+ strains, AN387 (wild type) and ALN2 (fre) (Figure
3.17.C), suggesting that any effect of Fre on the surface growth density in Aer-mediated
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glycerol taxis can be compensated by the presence of Tsr, which is also able to mediate
taxis to glycerol (Greer-Phillips et ah, 2004).

III.E.3. Temporal Assays
As discussed previously, temporal assays allow quantification of aerotactic
responses by exposing the cells to a stepwise change in oxygen concentration and
recording their responses (Laszlo and Taylor, 1981). Therefore, temporal assays were
also used to investigate Aer-mediated aerotaxis in the Fre mutant strains. Generally, an
aerotactic temporal response measures the response to 21% oxygen (air) (Laszlo and
Taylor, 1981; Rebbapragada et al., 1997). However, since earlier aerotaxis capillary
assays showed that Fre mutants banded at a lower oxygen concentration (M. A. Roser
and M. S. Johnson, personal communication), additional temporal assays were performed
using a lower oxygen concentration (2% oxygen) as described in Materials and Methods.
The length of the smooth response in these strains was dependent on both
the presence of Fre and the oxygen concentration of the attractant perfusion gas (Table
3.4). When perfused with 21% oxygen, the length of the smooth response for BT3398
(tsr) was 62 seconds, which is similar to the responses published for other Tsr mutant
strains (Rebbapragada et al., 1997). The 32-second smooth response of BT3399 (tsr fre)
to 21% oxygen was significantly shorter (/?=0.0002) than the BT3398 (tsr) response
suggesting a role for Fre in the Aer-mediated aerotaxis response to 21% oxygen (Table
3.4).
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Table 3.4 Effect of the fre mutation on aerotactic behavioral responses of E.
coli strains l.

21% Oxygen
Strain

2% Oxygen

Smooth
Response 2
(s)

Tumbling
Response 3

BT3398
(tsr)

62 ±9

18 ± 6

38 ±6

16 ± 2

BT3399

32 ±7

11 ±2

41 ±9

8±2

(s)

Smooth
Response 2
(s)

Tumbling
Response 3
(s)

(tsr fre)
i

The results shown are the mean and standard deviation in seconds, calculated
from two independent experiments with three replicates in each.
2 Time (in seconds) required for 50% of the bacteria to return to pre-stimulus
behavior upon exposure of an anaerobic culture to 21% oxygen.
3 Time (in seconds) required for 50% of the bacteria to return to pre-stimulus
behavior after perfusion with nitrogen gas.
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When the attractant perfusion gas was changed to 2% oxygen, however, the BT3398 (tsr)
smooth response was significantly shorter (p=0.0005) compared to the BT3398 (tsr)
response to 21% oxygen and the difference between Fre+ and Fre strains diminished
(Table 3.4). The 38-second smooth response of BT3398 (tsr) to 2% oxygen was not
significantly different (p=0.6) from the 41-second smooth response of BT3399 (tsr fre) to
2% oxygen (Table 3.4). In summary, the Aer-mediated smooth response to 2% oxygen
was not significantly different between isogenic strains expressing or lacking Fre. When
perfused with 21% oxygen, however, the smooth response was significantly longer in the
presence of Fre.
The length of the tumbling response also varied according to the presence of Fre.
BT3398 (tsr) tumbled for an average of 18 seconds upon switching the perfusion gas
from 21% oxygen to nitrogen, which was not significantly different (/?=0.5) from the 16second tumble for BT3398 (tsr) upon switching the perfusion gas from 2% oxygen to
nitrogen (Table 3.4).
The isogenic strain lacking Fre, BT3399 (tsr fre), had a significantly shorter
tumbling response compared to BT3398 (tsr) (Table 3.4). Upon switching from 21%
oxygen to nitrogen, BT3399 (tsr fre) tumbled 11 seconds which was significantly shorter
(/?=0.02) than the 18 second BT3398 (tsr) response (Table 3.4). Similarly, upon
switching from 2% oxygen to nitrogen, BT3399 (tsr fre) tumbled 8 seconds which was
also significantly shorter (p=0.000005) than the 16 second BT3398 (tsr) response (Table
3.4). In summary, upon exposure to nitrogen, cells lacking Fre tumbled for a significantly
shorter time than their Fre-expressing isogenic counterparts.
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The results of the aerotactic temporal assays suggest that Fre may have a role in
Aer-mediated aerotaxis. Both the smooth response to 21% oxygen and the tumble
responses are abbreviated in Fre mutants.

III.F. Role of Tsr in Growth
III.F.l. Introduction
The Tsr receptor is an important component of the E. coli chemotaxis system
where it mediates tactic responses to serine, pH, oxygen and energy (Hedblom and Adler,
1983; Stock and Surette, 1996; Rebbapragada et al., 1997; Greer-Phillips et al., 2004).
Although Tsr has been extensively studied, there is no published evidence that it affects
bacterial growth. For this reason, the finding that the Tsr mutants reached stationary
phase at a significantly higher OD than RP437 (wild type) (Figure 3.3) was unexpected.
Since the Tsr mutant (RP5882) used to make these ETS strains was constructed by
deleting a 7 kB section around the Tsr gene, further investigation was required to confirm
whether Tsr was indeed responsible for this growth phenomenon.

III.F.2. Strain Construction and Verification
To identify Tsr-specific growth effects, a new Tsr mutant strain was constructed.
Instead of the large deletion that was present in RP5882, the new Tsr mutant was
designed to delete only Tsr and leave the flanking genes in the same open reading frame.
Rachel Korson and Kylie Watts constructed a pK03 plasmid containing an erythromycin
cassette flanked by the upstream and downstream Tsr sequence. As discussed in the
Materials and Methods, I used allelic exchange homologous recombination to insert the
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tsrerm mutation into the chromosome of RP437 (wild type) and UU1117 (aer), yielding
BT3409 (tsr) and BT3410 (aer tsr), respectively. The constructed strains were examined
genotypically with PCR and phenotypically with tryptone swarm plates. Both BT3409
(tsr) and BT3410 (aer tsr) lacked the outer serine ring indicative of a Tsr deletion.

III.F.3. Growth Curves
To test for Tsr-specific growth effects, growth curves were performed in HI
minimal salts medium supplemented with 0.5% glycerol as described previously. The
bacterial cultures were incubated at 30°C with vigorous aeration and the optical density
was monitored at 600 nm. Graphs of bacterial growth over time were generated as before
(Figure 3.18).
As observed with the ETS mutant growth curves (Figure 3.3), RP5882 (tsr) grew
to a significantly higher OD600 before reaching stationary phase when compared with
RP437 (wild type) and UU1117 (aer) (Figure 3.18). The newly constructed Tsr mutants,
however, did not have the same growth characteristics. Instead, the BT3409 (tsr) and
BT3410 (aer tsr) growth curves closely resembled the RP437 (wild type) growth curve
(Figure 3.18). These results suggested that the abnormal RP5882 (tsr) growth curve is not
caused by the tsr deletion but is likely due to the deletion’s impact on surrounding genes.
A search of the E. coli genome revealed the presence of two additional genes
inside of the 7 kB genomic segment deleted in RP5882. Interestingly, these two genes
(cstA and yjiA) are involved in carbon starvation processes. When the Cst protein is
induced by high cAMP levels, it induces the production of a number of additional carbon
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Figure 3.18 Growth curves of E. coli strains in HI minimal salts medium
containing 0.5% glycerol as described in the text. Graph A plots the growth data
on a semi-logarithmic graph while graph B plots the growth data on a linear graph
to highlight the difference in stationary phase OD600-
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starvation proteins (Kasahara et al., 1991; Marschall et al., 1998; Marschall and HenggeAronis, 1995; Schultz et al., 1988). Together, these proteins protect the cell from
starvation by inducing the utilization of peptides as carbon and energy sources, and this
metabolic shift coincides with a reduction in growth rate (Matin, 1991; Schultz and
Matin, 1991). Taken together, this information suggests that the unusual growth pattern
observed for RP5882 (tsr) is likely due to the cell’s failure to enter the normal carbon
starvation phase.
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IV. DISCUSSION

In its totality, this work indicates that the Escherchia coli aerotaxis receptor Tsr
senses the proton motive force (PMF) generated by the electron transport system (ETS)
activity and that the Aer receptor does not sense PMF or electron flow and may sense the
redox state of individual ETS components. These findings support a hypothesis made
years previously even though the reasoning behind the original hypothesis did not always
prove to be accurate (Rebbapragada et al., 1997; Zhulin et al., 1997a; Taylor et al., 1999;
Taylor et al., 2001). Additionally, this work is the first example of the independent
perturbation of electron flow and PMF in motile E. coli.

IV.A. Contributions of This Work to the Energy Sensing Field
The ability of bacterial cells to sense chemicals in their environment and mediate
tactic responses accordingly has been the subject of a significant body of work (reviewed
in Armitage, 1999; Bren and Eisenbach, 2000; Stock and Surette, 1996; Stock et al.,
2000; Hoch, 2000). The vast majority of these studies, however, have focused on
chemical sensing where the attractant or repellant chemical binds to specific membrane
receptors to initiate a tactic response (Falke and Hazelbauer, 2001; Stock and Surette,
1996). In this sensory system, the transport and metabolism of the chemical is not
required to initiate such a chemotactic response (Adler, 1969; Adler, 1973; Adler, 1979;
Hazelbauer et al., 1969). In fact, E. coli is able to mediate chemotactic responses i) to
nonmetabolizable attractant analogs, ii) in the absence of pathways to metabolize the
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attractant and, iii) in the presence of alternate energy sources (Adler, 1969; Adler, 1973;
Adler, 1979; Hazelbauer et al., 1969). While this chemotactic system is well suited to
seek out attractant chemicals, it does not take into account a wide variety of other signals.
For example, in an aspartate gradient, an E. coli cell expressing only the Tar
chemorecptor would continually swim toward higher aspartate concentrations (Clarke
and Koshland, 1979; Hazelbauer, 1975; Ingolia and Koshland, 1979; Melton et al., 1978;
Mesibov and Adler, 1972) without considering whether the environment contains a
sufficient electron acceptor concentration to sustain maximum energy (Taylor, 2004;
Taylor, 1983b).
In contrast to the chemical-specific chemotaxis receptors, an energy sensor senses
less specific yet valuable stimuli relating to the cellular energetic state. The term “energy
sensing” has been used to describe tactic responses to light, oxygen, and metabolic
processes (reviewed in Armitage, 1997; Taylor and Zhulin, 1998; Taylor, 1983b; Taylor
et al., 1999; Alexandre and Zhulin, 2001). In contrast to the “classical” chemotaxis
system described above, energy taxis is metabolism dependent and can integrate a variety
of energetic signals into a single response.
E. coli, as well as other bacterial species, can utilize a wide variety of metabolic
substrates and electron acceptors albeit at varying energetic efficiency (Gennis and
Stewart, 1996). By sensing the energy yield obtained via metabolism in any particular
environment, the individual cell can swim toward an environment that provides maximal
energy generation. Therefore, a cell expressing both Tar and an energy receptor would be
able to avoid a low energy environment by swimming away from an asparate rich
environment that lacked electron acceptors in favor of a lower aspartate environment
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containing an appropriate electron acceptor. In this way the cell responds to energetic
parameters in addition to chemical stimulants.
The importance of such energy taxis is demonstrated by the presence of energy
transducers in a wide variety of bacterial species. The DcrA protein of Desulfovibrio
vulgaris is a putative energy receptor that is hypothesized to sense redox changes via it’s
periplasmic heme cofactor (Fu et al., 1994). The cytoplasmic TlpA and TlpB receptors
found in Rhodospirillum sphaeroides and Sinorhizobium meliloti may sense cytoplasmic
metabolic intermediates as a determinant of intracellular energy levels (Armitage and
Schmitt, 1997; Ward et al., 1995). Interestingly, the CetA and CetB receptors of
Campylobacter jejuni show significant homology with the Aer PAS domain of E. coli
and are believed to function similarly (Hendrixson et al., 2001). Pseudomonasputida also
contains an Aer-like transducer believed to sense cellular energy levels (Nichols and
Harwood, 2000).
Energy taxis behavior in E. coli had been investigated long before the
identification of the receptors responsible for such responses. Responses to energetic
parameters such as membrane potential, PMF, oxygen and redox reagents had been
reported (Bespalov et al., 1996; Miller and Koshland, 1977; Shioi and Taylor, 1984;
Taylor et al., 1979; Taylor, 1983b; Zhulin et al., 1996). The reliance of such energy
sensing on ETS activity was clear (Laszlo and Taylor, 1981; Laszlo et al., 1984a; Taylor
et al., 1979) but how these signals initiated tactic responses remained a mystery.
Prior to this study, two energy transducers were identified in E. coli. One of these
transducers, Aer, was a newly identified receptor protein capable of mediating taxis to
oxygen (Bibikov et al., 1997; Rebbapragada et al., 1997). The other energy transducer,
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Tsr, was well characterized as a serine and pH receptor (Hedblom and Adler, 1983;
Kihara and Macnab, 1981; Repaske and Adler, 1981; Rebbapragada et al., 1997).
Although the receptors had been identified and their responses characterized, there was
uncertainty about their mechanism for sensing cellular energy. Previous studies were
unable to distinguish between aerotaxis contingent upon PMF, and aerotaxis dependent
on redox changes.
This work contributes to the field of energy sensing by i) identifying PMF as the
energetic signal that is sensed by Tsr, and ii) dissociating Aer sensing from PMF.
Although Tsr’s ability to sense a variety of stimuli (both chemical and energetic) has
been characterized, this is the first experimental evidence of a PMF-specific, Tsrdependent response. Tsr is the most abundant chemoreceptor in E. coli, and describing its
sensing mechanisms is important if we are to understand the integration of chemo- and
energy taxis in E. coli.
Interestingly, the Aer response did not correlated with any of the energetic
parameters measured here. This is the first evidence of an aerotactic response in E. coli
that is divorced from PMF (Taylor et al., 1979; Zhulin et al., 1996; Shioi and Taylor,
1984; Miller and Koshland, 1977; Laszlo and Taylor, 1981). Understanding energy
sensing in Aer is particularly interesting because of the conservation between the Aer
PAS domain and PAS domains that are present in Eukaryotes, Prokaryotes and Archea
(Ponting and Aravind, 1997; Taylor and Zhulin, 1999; Zhulin et al., 1997b; Taylor et al.,
2003; Gu et al., 2000). The Aer PAS domain provides a good model system for studying
PAS-mediated sensing since E. coli is easy to grow and manipulate, and the chemotaxis
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system has been well characterized (reviewed in Szurmant and Ordal, 2004; Grebe and
Stock, 1998; Parkinson, 2003; Wadhams and Armitage, 2004; Stock and Surette, 1996).

IV.B. Aer and Specific Redox Proteins
Although early investigations into aerotaxis demonstrated the importance of an
active ETS in aerotactic responses (Miller and Koshland, 1977; Ordal and Goldman,
1975; Taylor et al., 1979), the nature of the stimulus was unclear. There was a
considerable amount of evidence for a proton motive force sensor since increases in
membrane potential correlated with smooth responses (Miller and Koshland, 1977;
Taylor et al., 1979; Laszlo and Taylor, 1981; Shioi and Taylor, 1984; Zhulin et al., 1996).
Evidence for redox sensing in addition to PMF sensing was presented when E. coli
responses to the redox state of their environment were examined (Zhulin et al., 1997a;
Zhulin et al., 1996; Bespalov et al., 1996). In these studies, the cells swam to a preferred
environmental reduction potential and the strength of their tactic response was directly
proportional to the reduction potential of the environment. This new phenonmenon was
named “redox taxis” and the presence of a “redox sensor” was hypothesized.
Upon discovery of Aer as an aerotactic and redox tactic receptor in E. coli,
investigators surmised that the protein’s FAD-containing PAS domain could be
responsible for it’s energy sensing behavior via a redox sensing mechanism (Bibikov et
al., 1997; Rebbapragada et al., 1997). The proposed model suggested that the oxidation
and reduction of FAD in the Aer PAS domain could function as a gauge of the general
redox state of the ETS and therefore, measure cellular energy levels (Bibikov et al., 1997;
Bibikov et al., 2000; Rebbapragada et al., 1997; Repik et al., 2000). Individual mutations
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in the PAS domain that interfered with FAD binding, also inhibited Aer-mediated
responses (Repik et ah, 2000; Bibikov et ah, 2000). Whether the PAS domain was able to
sense specific ETS components, or simply monitor the overall cellular energetic state, or
both, was unclear.
This study sought to determine the nature of Aer’s aerotactic signal by separating
ETS and PMF parameters, and determining which parameters correlated with Aermediated aerotaxis. Interestingly, Aer-mediated behavioral responses did not correlate
with any of the ETS parameters examined here, including the general respiratory activity
of the ETS (Figure 3.14), but instead coincided with the presence of specific redox
proteins. If Aer responses had correlated with the overall NADH to oxygen turnover
(interpreted via oxygen consumption) then temporal responses would have remained
consistent between strains as respiration rate remained constant. Instead, Aer responses
were drastically affected by the presence or absence of specific redox proteins such as
NADH-dehydrogenase 1 (NDH-1) and flavin reductase (Fre).
The contribution of NDH-1, encoded by the nuo locus, to the Aer response is not
entirely surprising based on the biochemical properties of the NDH-1 protein. NDH-1 is a
14-subunit protein believed to be arranged into two arms; a membrane bound arm and a
peripheral arm that contains all of the enzyme’s cofactors and the NADH binding site
(Weidner et al., 1993; Fecke et al., 1994; Guenebaut et al., 1997; Guenebaut et al., 1998).
The adjacent NuoE and NuoF subunits in the peripheral arm bind an FMN cofactor and
two iron sulfur groups resulting in redox potentials of -430 mV and -270 mV,
respectively (Braun et al., 1998; Friedrich, 1998; Friedrich et al., 2000; Leif et al., 1995).
Since Aer has an FAD cofactor (E0 of free FAD= -220 mV), the adjacent NuoE and
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NuoF subunits appear to be a possible interaction site for electrons to flow between
NDH-1 and Aer. This hypothesis is bolstered by the identification of a partial PAS
domain in NuoE (LB. Zhulin, personal communication) and the fact that PAS domains
are known to interact with one another (Taylor and Zhulin, 1999).
While the effect of NDH-1 on Aer is significant, it should be clarified that NDH-1
is not required for Aer sensing. Strains without NDH-1, particularly those with the
highest PMF, do show some low-level swarming on both glucose and glycerol swarm
plates (Figures 3.11 and 3.12). Temporal assays also show that strains lacking NDH-1
respond to oxygen although the length of the aerotactic response is significantly shorter
than when NDH-1 is present (Table 3.3). These results suggest other redox proteins also
contribute to Aer energy sensing.
Another of these redox proteins that is implicated in Aer sensing is Fre. The effect
of Fre on Aer-mediated taxis, however, is more complex than the effect of NDH-1. While
Fre mutants lack chemotactic ability on succinate plates, there is little to no change in
Aer-mediated taxis to either glycerol or glucose (Figure 3.17). A Fre mutant also has a
significantly shorter Aer-mediated attractant response to 21% oxygen while the attractant
response to 2% oxygen is not significantly different between strains expressing or lacking
Fre (Table 3.4). These results are consistent with the previous capillary assays showing
that Fre mutants band at a lower oxygen concentration than their Fre-expressing
counterparts (M.A. Roser and M.S. Johnson, personal communication). Taken together,
the temporal and capillary assays indicate that Fre contributes to the Aer-mediated
attractant response at higher oxygen concentrations, while Fre mutants respond optimally
at a lower oxygen concentration.
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This evidence supports a 3-state sensing model for Aer that was proposed by
previous investigators in this laboratory (Repik et al., 2000). According to this model,
both the fully oxidized (FAD) and the fully reduced (FADH2) Aer cofactor stimulates a
tumbling response while the semi-quinone (FADH ) cofactor stimulates a smooth
response. Thus, in an aerobic environment the Aer FAD cofactor exists in a semi-quinone
state (FADH ) in equilibrium with the redox state of NDH-1, the quinone pool and other
redox proteins (Figure 4.1). Upon anaerobiosis, however, the ETS becomes fully reduced
eliciting a tumbling response from Aer (Rebbapragada et al., 1997). When aerobic cells
are starved for electron donor, the ETS exists in a fully oxidized state until the addition of
electron donor returns the flow of electrons, which facilitates an Aer-mediated smooth
response (Zhulin et al., 1996). Since Fre is responsible for 80% of E. coli’s flavin
reducase activity (Woodmansee and Imlay, 2002) and Fre has been shown to interact
with Aer (L. Xun, personal communication), it seems likely that Aer would exist in a
more oxidized state in a Fre mutant at identical oxygen concentrations. Thus, a lower
oxygen concentration would be required to oxidize Aer in a Fre mutant than in the wild
type counterpart. In this model, Aer could respond to multiple redox proteins, including
NDH-1 and Fre, via oxidation/reduction reactions of the FAD cofactor.
To characterize the nature of the Fre/Aer interaction though, it may be necessary
to eliminate the influence of NDH-1. NDH-1 has a

of 10 pM for NADH and a

turnover rate of about 10 NADH per second implying that NDH-1 would be fully active
in an aerobic environment (reviewed in Gennis and Stewart, 1996). Since NDH-1 appears
to contribute to the Aer-mediated aerotactic response (Table 3.3), a mutant lacking NDH1 should be constructed to more closely examine the effects of Fre on Aer sensing.
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Figure 4.1 Proposed sensory model for the Aer and Tsr receptors.
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It should be noted that there is no experimental evidence for direct interactions
between either NDH-1 and Aer, or Fre and Aer. It is certainly possible that either NDH-1
or Fre or both exert their effect on Aer indirectly through intermediates such as free
FADH. It is also possible, perhaps probable, that additional redox proteins could
contribute to Aer sensing. It would be interesting to examine the Aer-mediated aerotactic
responses in an NDH-1, Fre double mutant. Unfortunately, it is not possible to view
aerotactic responses in an ubiquinone mutant because of the lack of flagellar syntheseis in
these strains (Bar Tana et al., 1977).

IV.C. Tsr Senses Proton Motive Force (PMF)
Unlike the Aer-mediated temporal response, the Tsr-mediated temporal response
did have statistical correlations between attractant responses and ETS parameters. The
length of the Tsr-mediated attractant response directly correlated with both the H+/e ratio
and the generated PMF (Figure 3.15). Strains exhibiting the highest PMF change also
exhibited glycerol energy taxis on swarm plates (Figure 3.12). These results are
consistent with a PMF sensing model for Tsr-mediated aerotaxis (Figure 4.1)
When Tsr was first identified as an aerotaxis receptor, the authors suggested that
Tsr may be able to sense the ApH component of PMF (Rebbapragada et al., 1997). This
hypothesis was based on the previous identification of Tsr-mediated pH sensing (Kihara
and Macnab, 1981; Repaske and Adler, 1981). While both Tsr and Tar are pH sensors,
they mediate opposite responses; Tsr is responsible for a repellent response to weak acids
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and Tar is responsible for an attractant response to weak acids (Slonczewski et al., 1982;
Krikos et al., 1985). The Kawagishi group identified the Tsr and Tar pH sensing regions
in a series of Tsr/Tar chimeras via temporal assays using sodium benzoate and acetate as
chemoeffectors (Umemura et al., 2002). This study identified a 53-amino acid section of
the HAMP domain that is responsible for pH sensing in both Tsr and Tar (Umemura et
al., 2002). Chimeric receptors containing the 53 residues from Tsr mediated repellent
responses to acetate while chimeric receptors containing the 53 residues from Tar
mediated attractant responses to acetate (Umemura et al., 2002).
When the Tsr/Tar chimeras were tested in aerotaxis temporal assays, however, the
53-residue pH-sensing region did not correlate with Tsr-mediated aerotaxis. Instead, only
the Tsr periplasmic domain was required to mediate aerotaxis in a Tsr/Tar chimeric
receptor (M. S. Johnson and T. Umemura, personal communication). Since the Tar
periplasmic domain doesn’t mediate aerotaxis while the corresponding Tsr domain does,
the sequences of the two sensing domains were analyzed. A handful of charged residues
were identified in the Tsr periplasmic domain that are oppositely charged in the Tar
periplasmic sensing domain (M. S. Johnson and K. Pierre, personal communication).
These Tsr-specific, charged residues are candidates for PMF sensing residues (Figure
4.2).

Protons translocated during ETS activity create an electro-positive environment in
the periplasmic space (reviewed in Harold and Maloney, 1996). This environment may
cause the protonation of specific charged residues (either directly or indirectly) in Tsr’s
periplasmic sensing domain (Figure 4.1). If so, either the protonation of negatively
charged residues, or the resulting shift in residue interactions, may cause a
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Figure 4.2 Crystal structure of the Tar periplasmic domain showing the putative
placement of residues in Tsr that might influence PMF sensing by Tsr (courtesy
of M. S. Johnson).
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conformational change that initiates Tsr signaling through it’s cytoplasmic signaling
domain. In this manner, Tsr might mediate aerotactic and energy tactic responses by
sensing the ApH component of PMF (Figure 4.1). This model would be similar to other
pH sensing proteins.
One pH sensing protein whose mechanism has been extensively investigated is
the NhaA protein in E. coli (reviewed in Padan et al., 2004). NhaA is a pH-regulated
Na+/H+ antiporter that is essential for growth at high salinity, at alkaline pH and in the
presence of Li+ (Padan et al., 1989; Padan et al., 2001). Mutagenesis studies identified
several NhaA residues that affect the pH profile of the protein’s activity including a
number of positively charged histidines (Gerchman et al., 1993; Rimon et al., 1995;
Rimon et al., 1998). Accessibility studies of the protein under varying pH conditions
suggested a pH-induced conformational change between the active and inactive NhaA
states (Gerchman et al., 1999; Rothman et al., 1997; Tzubery et al., 2004). Further
evidence of a conformational shift according to environmental pH came in the pHdependent binding specificities of monoclonal antibodies (Venturi and Hunte, 2003;
Venturi et al., 2000; Padan et al., 1989). Thus, a change in cytosolic pH is believed to
trigger a conformational change in NhaA via the deprotonation of specific residues
(reviewed in Padan et al., 2004).

IV.D. The in vivo Relationship between H+/e’ Ratio and Proton Motive Force
In addition to characterizing the nature of the input signals for Aer and Tsr, this
work was the first example of independent changes in ETS activity and PMF in live,
motile bacterial cells. Previously, the only way to separate electron flow from it’s
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resultant PMF was to use an uncoupler, which allows the free passage of protons across
the membrane and dissipates PMF (Harold and Baarda, 1968; Harold and Maloney, 1996;
Mitchell and Moyle, 1967; Pavlasova and Harold, 1969). Since flagellar rotation is
dependent on PMF (reviewed in Berg, 2003), however, uncouplers were not a viable
option for studying tactic responses. To separate these parameters while maintaining
motility, I constructed a series of strains (see Materials and Methods) to translocate
different H7e ratios and hence, produce different PMF levels.
It is interesting to note that the observed in vivo relationship between H7e ratio
and PMF was different from the theoretical relationship predicted by thermodynamics:
Ap = n AE / m, where n is the number of electrons passing through a redox span, AE, and
m is the number of protons translocated against a PMF, Ap. This equation predicts an
increase in cellular PMF when the H7e ratio drops because the entire redox potential
(AE) between NADH and 02 is used to translocate fewer protons. According to this
relationship, a strain translocating 1 proton (H7e‘ ratio = 1) would produce a PMF four
times greater than a strain translocating 4 protons (H7e ratio = 4).
Thermodynamics does not, however, consider a dynamic system with protons
rapidly re-entering the cell through an ATP synthase that has a fixed H7ATP
stiochiometry, the flagellar motors, an active transport system and a nonspecific leakage
of protons across the membrane. In order for a strain translocating 1 proton (H7e ratio =
1) to maintain the steady state, the ETS of the 1 proton-translocating strain would need to
function at 4 times the rate of the 4 proton-translocating strain.
To examine the relationship between PMF and ETS activity, we used oxygen
consumption as a measurement of the ETS rate. Our data indicates that the respiration
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rate, or ETS activity, decreases only slightly with H7e ratio indicating that the rate of
ETS activity does not increase enough to allow the PMF to reach its thermodynamic
potential (Figures 3.14.C and 3.15.C). The stable respiratory rate between strains also
explains the linear relationship between H7e ratio and PMF (Figures 3.14.A and 3.15.A).
If the rate of ETS activity is the same for a strain translocating 1 proton (H7e ratio = 1)
and a strain translocating 4 protons; the PMF generated by the 4 proton-translocating
strain would be four times the PMF of the 1 proton-translocating strain. In summary,
these in vivo experiments suggest that the basal ETS activity rate does not increase
sufficiently to allow the theoretical thermodynamic maximums to be reached. Instead,
there was a direct linear correlation between in vivo H7e and PMF in these strains due to
the stable respiratory rate (Figures 3.14 and 3.15).
The constant respiration rate for different strains indicates that respiratory flow
was similar in all strains. It should be clarified, however, that the overall respiration rate
can not be used as a measurement of redox state for individual ETS components. Each
component’s redox state would be controlled by enzymatic properties including substrate
affinity and turnover rate in addition to the copy number of each ETS component. For
these reasons, the actual in vivo redox state of each component in each strain cannot be
determined without additional experiments.

IV.E. Future Studies
This work has illuminated a number of new directions for future investigations
into energy sensing via Aer and Tsr. While Aer was implicated as a redox sensor, it
would be interesting to pursue whether additional redox sensors facilitate Aer signaling.
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This may be accomplished in both an in vivo and an in vitro model system. Tsr, on the
other hand, was identified as a PMF sensor and the mechanism for such sensing is
unknown. An in-depth analysis of the aerotaxis signaling domain of Tsr could yield
interesting information on this PMF sensory mechanism.

IV.E.l. Investigate Whether Aer Senses Additional Cellular Redox Species in vivo
This work investigated two proteins that provide energy signals to the Aer
receptor. NDH-1 is a membrane bound component of the ETS while Fre is a cytosolic
enzyme. A deletion in either protein resulted in a reduced but not abolished, Aermediated aerotactic response. This evidence suggests that Aer may be able to sense a
variety of cellular redox species.
To test whether additional factors impact Aer-mediated aerotaxis, a double mutant
of NDH-1 and Fre should be constructed. If this NDH-1, Fre double mutant retains Aermediated oxygen responses in an aerotactic temporal assay, we will infer that other
cellular redox species (either membrane bound or cytosolic) are able stimulate Aer
aerotaxis.
Another protein that should be examined for a possible interaction with Aer is
succinate dehydrogenase (Sdh). Since Aer is able to mediate a strong attractant response
in succinate swarm plates (Bibikov et al., 1997; Bibikov et al., 2000; Repik et al., 2000),
it is possible that Aer is able to sense Sdh oxidation/reduction directly (M.S. Johnson,
personal communication). I suggest an examination of Aer-mediated responses in an
NDH-1, Fre double mutant and an NDH-1, Fre, Sdh triple mutant. Aer activity in these
mutants should be tested in both swarm plates and aerotactic temporal assays (Bibikov et
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al., 1997; Laszlo and Taylor, 1981; Rebbapragada et al., 1997). Differences between
responses in the double and triple mutant would infer a role for Sdh in Aer-mediated
energy sensing.

IV.E.2. Investigate Aer Signaling in an in vitro System
The in vivo aerotaxis analysis described above cannot differentiate between direct
and indirect effects of NDH-1 and Fre on Aer signaling. For example, Fre may interact
directly with Aer to reduce FAD bound to the PAS domain or Fre may have indirect
effects via the high level of reduced FADH2 in the cytoplasm. Discrimination between
these two possibilities would be difficult in the live motile E. coli cell. Therefore, an in
vitro system could be used to examine this relationship.
Chemoreceptor signaling can be monitored in a reconstituted system of
membrane vesicles containing the receptor of interest and soluble CheA, CheW and
CheY (Borkovich and Simon, 1991; Johnson et al., 1995). Receptor signaling to added
effectors can be followed by measuring a reduction in the rate of CheY phosphorylation
(see Introduction). Creating a similar reconstituted system for Aer would allow further
investigation into the Aer sensory mechanism.
To determine whether i) free NADH, ii) free FADH2, or iii) Fre itself impact Aer
signaling, a reconstituted system should be constructed with a strain lacking both NADH
dehydrogenases as well as the other chemoreceptors. Comparison of cheY
phophorylation rates in the presence and absence of added NADH and/or added FADH2
will monitor Aer’s response to these redox species. Addition of purified Fre to the
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reconstituted system, in the presence of saturating levels of NADH and in the absence of
exogenous FADH2, should be monitored for Fre-specific Aer signaling.
A reconstituted system could also be used to further characterize the interactions
between ETS components and Aer. A variety of strains containing ETS mutations could
be examined in the reconstituted system including NDH-1 and Sdh mutations. This
system would also provide the opportunity to examine Aer signaling when the ETS
system is in a defined redox state. Performing the assay in the presence of oxygen but
lacking NADH would leave the ETS components in a fully oxidized state. Adding
NADH to the system would replicate a cycling ETS system, and performing the assay in
an anaerobic environment would provide a fully reduced ETS system. Of course these
assays would require an active ETS in the membrane vesicles used in the reconstituted
system. ETS activity could be verified via assays measuring the oxidation of NADH and
oxygen consumption.

IV.E.3. Characterize the PMF Sensing Residues of Tsr
Although this work presents evidence of Tsr’s ability to sense PMF as a
measurement of cellular energy, further experimental evidence is needed to characterize
the PMF sensing mechanism. Chimeric studies between Tar and Tsr indicated that the Tsr
periplasmic sensing domain was required for Tsr-mediated aerotaxis (Umemura et al..
2002) (T. Umemura and M.S. Johnson, personal communication). Sequence comparisons
between the Tsr and Tar periplasmic domains identified a series of charged residues that
are neutral or oppositely charged in Tar indicating that they are possible candidates for
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Tsr PMF sensing (K. Pierre and M. S. Johnson, personal communication). These residues
are E38, E109, R113, R116, E172, H178 and D179 (Figure 4.2).
To identify whether any of these residues are involved in Tsr-mediated energy
sensing, it is necessary to first separate energy sensing from serine sensing in this
receptor. Earlier studies reported that a Tsr-R64C mutant lacks serine sensing and
binding while retaining other Tsr-mediated responses such as thermosensing and
repellent responses to leucine and acetate (Lee et al., 1988; Fledblom and Adler, 1980).
Aerotactic capillary assays of the Tsr-R64C mutant in a strain lacking all transducers
indicated that this construct retained Tsr-mediated aerotaxis (K. Pierre and M. S.
Johnson, personal communication).
Each of the proposed PMF sensing residues should be serially replaced with either
a cysteine or an alanine residue in the Tsr-R64C construct to create a series of Tsr
mutants. While cysteine has traditionally been used for cytoplasmic replacement
constructs in this laboratory, alanine may be preferable, since the higher redox state of the
periplasm may oxidize the cysteine sulfhydryl residues. Tsr-mediated aerotaxis can then
be examined in these mutant constructs using swarm plates, capillary assays and
aerotaxis temporal assays. Constructs defective in aerotaxis should then be tested for
serine taxis in a wild type tsr gene to screen for mutations that are specific for PMF
sensing versus mutants that may drastically alter the periplasmic domain structure.
Mutations that inhibit energy taxis without affecting serine sensing could be identified as
energy sensing residues.
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IV.E.4. Examine the Contribution of Alternate Dehydrogenases to the in vivo H+/e Ratio
There are a number of substrate-specific dehydrogenases that reduce quinone
directly and therefore, bypass the NADH dehydrogenases (Figure 1.3). Since the in vivo
H7e ratios measured in this study were higher than predicted (Figure 3.5), it would be
interesting to establish the contribution of these alternate dehydrogenases to the measured
values. To quantify this contribution, the in vivo H7e ratios should be measured for
strains lacking both NADH dehydrogenases (nuo ndh). To yield consistent values, only
one terminal oxidase should be present in these strains. I suggest measuring the H7e
ratios for both a cytochrome bd oxidase expressing strain (nuo ndh cyo) and a
cytochrome bo oxidase expressing strain (nuo ndh cyd) to quantify the contribution of the
alternate dehydrogenases to in vivo H7e ratios.

IV.E.5. Construct a Viewing Chamber for Bacterial Swarms
Since it was difficult to adequately photograph the complex swarm patterns
observed in this work, I suggest constructing a viewing chamber. This chamber should be
square and glass to ensure the best optics possible for photography. It may also be
possible to add a stain or dye to the media to allow better differentiation of the swarm in
the media. A variety of background colors and lighting should be tested to identify the
conditions yielding the best picture.
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